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Microbiological procedures which are convenient and readily adaptable 
to routine assays have been described for nearly all of the commonly oc- 
curring amino acids. Although six strains of lactic acid bacteria! have been 
employed in the determination of amino acids, it seemed desirable to study 
the nutritional requirements of other organisms and, if possible, to make 
available additional assay procedures. Twenty-three strains of lactic 
acid bacteria have been investigated in the present work. 

The amino acid requirements of numerous strains of lactic acid bacteria 
were studied by Orla-Jensen et al. (2) in 1936. Since that date, there have 
been comparable investigations of Leuconostoc mesenteroides P-60 (3), 
Streptococcus salivarius (4), Streptococcus faecalis R (4-6), Lactobacillus 
plantarum (7), L. buchnert (8), L. mannitopoeus (8), L. lycopersici (8), 
L. delbriickii LD5 (9), L. arabinosus 17-5 (10-12), L. casei ¢ (13), and 
L. fermenti 36 (14). 

In the present work, it was desired to determine the response when the 
lactic acid bacteria were cultured on a basal medium containing the types 
and concentrations of nutrients which would promote rapid and abundant 
acid production. It was anticipated from earlier experiences that the 
requirements of an organism for a given nutrient, established under such 
conditions, would not disappear or change in the presence of substances 
introduced during the assay of a test material. It has been found generally 
true that microbiological methods which depend for their specificity on 
basal media which lack metabolites, or have suboptimal concentrations of 
essential factors, are likely to be unreliable and of limited utility. 


* Paper 29. For Paper XXVIII in this series see Dunn and Rockland (1). The 
subject matter of this paper has been undertaken in cooperation with the Committee 
on Food Research of the Quartermaster Food and Container Institute for the Armed 
Forces. The opinions or conclusions contained in this report are those of the authors. 
They are not to be construed as necessarily reflecting the views or indorsement of the 
War Department. This work was aided by grants from the American Home Products 
Company, Merck and Company, Inc., the Nutrition Foundation, Inc., Standard 
Brands Incorporated, and the University of California. 

1 Leuconostoc mesenteroides P-60, Streptococcus faecalis R, and the lactobacilli 
arabinosus 17-5, casei e, delbriickii LD5, and fermenti 36. 
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2 AMINO ACID AND LACTIC ACID BACTERIA 


EXPERIMENTAL 


The response of each organism listed in Table I, at 35°° and from 5 to 7 
incubation times, on the complete basal medium given in Table I, and on 
the same medium with each of the amino acids omitted in turn, was 
measured by titrating the combined solutions from duplicate tubes with 
0.020 to 0.035 n NaOH in the presence of about 0.7 mg. of brom-thymol 
blue indicator. ‘The total volume of medium per tube was 1 ml. per 3 inch 
test-tube or 1.5 ml. per 4 inch test-tube. The inocula were prepared by 
growing the organism 24 hours on the medium given in Table I, except that 
an acid hydrolysate of 7.5 gm. of casein was substituted for all of the amino 
acids other than cysteine, norleucine, and tryptophane. The cells were 
centrifuged and resuspended in a volume of sterile saline equal to 3 times 
that of the medium in which they were grown. Each tube was inoculated 
with approximately 0.1 ml. of this cell suspension. The basal medium 
and the inoculum were transferred to the tubes with the aid of the Brewer 
automatic pipette (Baltimore Biological Company). Prior to inoculation 
the tubes of medium were autoclaved for 5 minutes at 15 pounds in racks 
each containing 330 tubes covered with a closely fitting cap made from 
three layers of toweling. After tubes were removed from the incubator, 
growth was arrested by steaming the rack of tubes for 15 minutes at 100°. 

The experimental results are shown in Tables II to LX. 


DISCUSSION 


The composition of the basal medium employed in the present experi- 
ments is given in Table I. It was expected that this medium would be 
reasonably satisfactory, since it contained four constituents (choline, 
inositol, pyridoxamine, and pyridoxal) in addition to those present in media 
used previously for the quantitative determination of a number of amino 
acids. A further possible improvement in nutritional quality was effected 
by increasing several-fold the concentrations of total vitamins and amino 
acids. 

That this medium is not fully optimal for all strains of lactic acid bacteria 
is evident, since it did not permit any growth of Lactobacillus acidophilus 
(4357) or of Lactobacillus plantarum (8008). As shown in Table II, the 
rate and amount of acid production over incubation periods ranging from 
6 up to 143 hours were relatively high only for Leuconostoc citrovorum 
(8081), Leuconostoc mesenteroides P-60 (8042), and the lactobacilli pentosus 
(124-2), brassicae (8041), arabinosus 17-5 (8014), delbriickii LD5 (9595), and 
caset « (7469). Acid production was moderately good with all other 


* Selected because the rates of acid production were higher than those observed at 
28° and 40° for some of the lactic acid bacteria. 
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strains except Lactobacillus buchnerit. The response of fourteen of the 
organisms was further tested by measuring acid production in media 
containing 0.1 and 0.25 times the concentration of total amino acids and 
vitamins given in Table I. The results of these experiments are given in 
Table III. The rate and amount of acid production observed in the origi- 


TaBLe I 
Composition of Basal Medium* 

















Constituent Constituent 

| mg. perl. mg. perl. 
dl-Alanine 667 Uracil 12.0 
Asparagine, natural 667 Xanthine 12.0 
1(+)-Arginine- HCl 667 Dextrose 20,000 
l(—)-Cysteine- HCl 667 Sodium acetate 12,000 
1(+)-Glutamie acid | 667 Ammonium chloride 6,000 
Glycine 667 KH2PO, 500 
l(—)-Histidine-HCl-H,O 667 K,HPO, 500 
l(—)-Hydroxyproline 667 MgS0O,-7H2O 200 
dl-Isoleucine 667 FeSO,-7H:O 10 
l(—)-Leucine 667 MnS0O,-4H,0 10 
dl-Lysine- HCl 667 NaCl 350 
dl-Methionine 667 Thiamine hydrochloride 1.0 
dl-Norleucine 667 Pyridoxine 1.6 
dl-Norvaline 667 Pyridoxamine:-2HCl 0.10 
dl-Phenylalanine 667 Pyridoxal- HCl 0.10 
l(—)-Proline 667 dl-Calcium pantothenate 2.0 
dl-Serine 667 Riboflavin 2.0 
dl-Threonine 667 Nicotinic acid 2.0 
dl-Tryptophane 667 Biotin 0.005 
l(—)-Tyrosine 667 p-Aminobenzoic acid 0.10 
dl-Valine 667 Folic acidt 0.005 
Adenine sulfate-2H,O 13.8 Choline chloride 10.0 
Guanine- HCl-2H,O 13.0 Inositol 25.0 





* All of the amino acids except proline and hydroxyproline were of c.r. or higher 
quality. Freedom of the constituents of the basal medium from contamination by 
amino acids other than norleucine and norvaline was shown conclusively by micro- 
biological methods. The final solution was adjusted to pH 6.8. 

t Product described previously (15). 


nal medium were significantly lower for all of the organisms in the medium 
containing one-tenth the total amino acids and vitamins. In the medium 
containing one-fourth the total vitamins and amino acids the rate of acid 
production was lower for all strains except Lactobacillus lycopersici (4005), 
Lactobacillus fermenti 36 (9338), Lactobacillus mannitopoeus, and Lacto- 
bacillus gayonii (8289). In all but a few cases, maximum acid production 
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was essentially the same in the two media. Although it seemed probable 
that the nutritional quality of the original medium could be improved, 


Tasce II 
Rates of Acid Production 


od 
a 


Organism * of acidt 








L. mesenteroides (8293)f.... 2.5 (10)|8.2 (25), 9.0 (31), 9.6 (52)) 9.9 (99) 
L. citrovorum (7013)T 2.5 (10)|8.2 (24)| 9.7 (52)| 9.9 (74)| 9.1 (98) 
L. citrovorum (797)ft..... (2.1 (10)|7.9 (30)) 9.1 (52)| 9.5 (74)) 9.0 (98) 
L. mesenteroides (9135)t 11.1 (9)/8.4 (29)| 9.2 (50)! 9.6 (73)| 9.1 (98) 
L. dextranicum (8086)t 2.0 (10)|8.2 (30); 9.5 (52); 9.4 (74)) 9.6 (98) 
L. pentosus 124-2§ 3.6 (11)/9.7 | 22))12.2 (30)|17.1 (78))17.2 (97) 
L. brassicae (8041)f,|| 2.9 (8)|9.9 (21)}12.2 (29)}15.5 (53)}17.2 (77) 
L. buchneri4,|! ae 0.0 (24)|0.5 (48)| 1.5 (91)) 3.1 (1 42) 

L. arabinosus 17-5 (8014) .. 2. fl.9 (6)/7.9 (12)}14.5 (22))16.9 (55)}17.0 (79) 
L. citrovorum (8082)t.............10.6 (23)|2.8 (29)| 3.8 (50)| 4.4 (73)| 4 1.5 (98) 
L. lycopersici (4005)t,|| . .. .. 0.0 (25)/2.9 (49)| 8.7 (73)} 9.1 (92)} 9.0 (143) 
L. dertranicum (8358)t...........}1.1 (9)|4.5 (23)| 5.8 (50)| 6.1 (73)) 5.5 (98) 
L. dextranicum (8359)ft.........../1.4 (9)|7 7.9 (29)} 9.1 (50) os Gi 3)| 8.8 (98) 
L. fermenti 36 (9338) §,|| . 10.7 (7)}3.1 (12)] 8.9 (23)| 8.5 (56)| 8.6 (80) 
L. mannitopoeus§, ||... ........|0.0 (10)/6.0 (20)] 8.6 (28)] 8.7 (52)] 8.6 (76) 
L. delbriickii LD5 (9595) t, ** ..../0.4 (16))1.9 (23)|10.5 (41))16.0 (64)}16.1 (134) 
L. casei (7469)¢..................]0.8 (16)/3.3 (23)|11.8 (41)|16.2 (64)/15.6 (134) 
L. gayonii (8289)f, |J..............]0.4 (10)|/3.5 (25)] 4.8 (31)| 8.2 (52)] 8.1 (75) 
S. faecalis R (9043)§..............|2.5 (18)/4.5 (26)| 6.4 (50)| 8.0 (74)| 8.4 (93) 
L. citrovorum (8081)t........ 1.8 (9)/8.4 (23)|11.8 (50)/13.2  (73)/13.1 (98) 
L. pentoaceticus (367)t,||........../0.0 (10)/2.2 (19)| 4.2 (28)! 6.9 (52)! 8.7 (76) 
L. mesenteroides ” 60 (8042)§...../1.0 (10)|7.0 (24)|12.1 (52) 14.9 (74) 14.6 (98) 
L. brevis (8257)f, |]...............10.0 (9)|1.3 (19)} 2.6 (27)! 5.4 (51)|] 7.4 (75) 


* The numbers in parentheses are those given by the American Type Culture 
Collection. 

ft Given as ml. of 0.01 N NaOH to titrate 1 ml. of final solution. The values have 
been corrected for the blank titration. The numbers in parentheses refer to the 
incubation time in hours. 

¢ Obtained from the American Type Culture Collection. 

§ Obtained through the courtesy of Dr. E. E. Snell. 

|| Subcultured twice monthly on Bacto-tomato juice agar (Difco). Other or- 
ganisms subcultured twice monthly on Bacto-yeast-dextrose agar (Difco). 

{ Obtained through the courtesy of Dr. V. H. Cheldelin. 

** Obtained through the courtesy of Dr. J. L. Stokes. Both cultures behaved 
identically in a large number of experiments. 


especially for some of the organisms, it was considered to be sufficiently 

high to make worth while the determination of essential amino acids. 
Maximum acid production by each of the twenty-three organisms was 

measured in the basal medium from which each of the twenty-one amino 
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TaB_Le III 


Rates of Acid Production on Media Containing Three Concentrations of Total Amino 
Acids and Vitamins 


"oe 
Organism ium® | M1. of acidt 























L. pentosus 124-2 0.1 2.7 (6)| 6.8 (22)| 9.4 (30)|}10.4 (50)/11.1 (71) 
0.25)3.4 [11.2 13.8 15.8 17.0 
1.0 | 4.4 14.8 116.0 18.0 18.1 

L. brassicae (8041) 0.1 | 1.9 (6)| 5.0 (22)| 5.9 (30)) 7.2 (51)} 8.1 (71) 
0.25) 2.1 9.3 11.0 13.4 14.8 
1.0 | 4.2 14.2 15.8 18.0 18.6 

L. buchneri 0.1 | 1.2 (7)! 2.0 (27)| 4.0 (96)| 4.5 (120)| 5.0 (146) 
0.25} 1.3 2.1 4.1 4.9 5.5 
1.0} 1.9 2.6 4.4 5.3 6.0 

L. arabinosus 17-5 (8014) 0.1 | 3.0 (6)| 8.8 (22)/10.0 (30)/14.5 (71)|16.0 (118) 
0.25) 4.0 10.6 12.5 17.2 18.0 
1.0 | 5.6 17.5 18.7 19.2 18.4 

L. lycopersici (4005) 0.1 | 4.1 (21)} 5.5 (29)| 6.8 (50)| 7.6 (70)} 8.4 (118) 
(0.25) 4.7 7.1 10.1 11.0 11.0 
1.0 | 5.5 8.5 10.7 10.8 “110.5 

L. fermenti 36 (9338) 0.1 | 2.1 (6)| 7.2 (22)| 7.7 (30)} 8.5 (51)] 8.7 (71) 
0.25| 2.3 10.9 10.5 10.6 10.5 
1.0 | 2.9 10.9 10.5 10.5 11.0 

L. mannitopoeus 0.1 | 8.0 (21)) 8.9 (29)}10.2 (50))10.4 (70)}10.0 (118) 
0.25/10.4 10.2 10.3 10.3 9.9 
1.0 {10.7 10.6 10.4 10.7 10.2 

L. delbriickii LDS (9595) 0.1 | 3.2 (16)| 4.7 (24)| 9.2 (44)/11.8 (65)}13.8 (112) 
0.25) 3.7 6.2 11.7 14.5 18.2 
11.0 | 5.9 10.3 16.2 18.5 18.7 

L. casei (7469) (0.1 | 2.7 (16)} 4.2 (24)) 9.1 (44)]11.6 (65)/14.1 (112) 
(0.25) 3.1 5.4 10.6 13.5 18.3 
(1.0 | 5.0 8.3 15.2 18.5 18.6 

L. gayonii (8289) (0.1 | 5.6 (21)| 6.2 (29)| 7.6 (50)| 8.0 (70)| 7.9 (118) 
0.25] 7.6 9.1 10.5 10.6 10.2 
1.0 | 7.6 9.7 10.9 11.1 10.5 

S. faecalis R (8043) 0.1 | 1.8 (18)| 2.6 (26)| 2.8 (44)] 3.6 (65)| 4.5 (112) 
0.25) 3.8 4.7 6.3 6.8 7.0 
1.0 | 5.1 6.4 8.5 9.4 10.2 

L. pentoaceticus (367) (0.1 | 2.1 (16)/ 2.3 (24)| 3.3 (44)] 3.8 (65)] 5.2 (112) 
0.25) 2.9 3.9 5.1 6.5 7.5 
1.0 | 5.0 6.6 9.8 10.4 10.3 

L. mesenteroides P-60 (8042) |0.1 | 4.1 (21)| 4.6 (29)| 7.1 (50)| 8.2 (70)| 9.1 (118) 
0.25) 8.2 9.4 12.7 13.7 14.3 
1.0 |10.9 13.2 15.4 16.8 16.8 

L. brevis (8257) 0.1 | 1.4 (7)| 2.4 (27)| 3.0 (48)| 3.4 (96)| 3.4 (96) 
0.25 1.6 3.4 4.7 5.7 6.1 
1.0 1.6 6.3 8.9 10.5 (10.2 














| 
| 
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TaBie I[I—Concluded 


* The media contained 0.1, 0.25, and 1.0 times the concentration of total amino 
acids and vitamins given in Table I. Crystalline folic acid obtained from the 
Lederle Laboratories through the courtesy of Dr. 8. M. Hardy was employed in 
these media in place of the folic acid concentrate referred to in Table I. 

t Given as ml. of 0.01 nN NaOH to titrate 1 ml. of final solution. The numbers in 
parentheses refer to the incubation time in hours. 


Tas_e IV 
Mazimum Acid Production in Media Lacking Amino Acid* 





| ‘ | . ° | 
L. mesenteroides L.citrovorum | L. citrovorum| L. mesente- | £. debenionn 


















































(8293) (7013) (797) | roides (9135) | (8086) 
Amino ot from | | : - = 
ware Volume | time |Volume | time | wore | time | oa \Volume | rime 
NaOH | NaOH | | NaOH) | NaOH NaOH 

ml, hrs. ml. hrs. ml. hrs. ml. hrs. ml. | hers. 

Glutamic acid........ | 1.9; 75) 1.6) 74 /1.6| 98|2.2] 50; 1.1] 74 
ini | 1.2] 99| 1.2| 74/0.8/ 74/0.5| 73] 0.6) 52 
Isoleucine.............| 9.4] 99] 6.7] 98 |6.4| 98|1.9| 73] 0.9] 98 
Leucine. ...... | 9.3/114/ 5.3| 92 |9.4|114|7.8/ 114] 9.2} 114 
Methionine ....... | 5.8) 99| 6.3] 98 |4.8| 74] 4.4] 73] 3.4] 98 
oS Sr | 9.7} 52] 9.7] 52|9.8] 7419.7] 73] 9.8] 52 
Tryptophane ..........| 9.8| 52] 9.7| 74 |9.5] 74/9.5] 73] 9.5] 98 
Cysteine .. ...ceee-) 9.6] 75] 9.38] 5219.8] 5216.6] 73] 9.4] 52 
Histidine............. | 8.5| 52| 8.5| 7418.1] 74/9.5] 73] 8.3] 98 
Threonine ....... .....|10.1] 99}] 9.4] 7419.1] 7419.5] 73] 9.8] 98 
Phenylalanine ..... vee} 9.5 2) 10.1 | 74 |}9.6| 7419.3] 73) 9.4] 652 
ll eee | 9.8; 52) 9.7| 7419.7] 7419.5] 73) 9.6] 98 
Glycine................] 9.9] 52] 10.0] 74 | 9.7] 74/9.6] 73] 9.9] 52 
Asparagine . ....«-| 9.8] 52] 9.8] 5219.3] 52|5.2] 73] 9.6] 98 
Lysine...... | 9.9 2) 9.8| 5219.9] 7419.6] 73] 9.9] 652 
Serine ....... | 9.8 | 75| 9.4] 7419.3] 7419.6] 73| 9.6] 52 
Alanine | 9.8} 52] 9.9| 52/9.4| 74/3.9] 50] 9.5! 52 
Proline .... | 9.6| 52| 9.2| 7419.5] 52/9.6| 73| 9.3| 74 
Norleucine. .. 9.8| 52/10.0| 74/9.9| 74/9.6| 73| 9.6| 52 
Hydroxyproline | 9.8| 52/ 10.2| 7419.9] 74| 9.8] 73] 10.1) 74 
Norvaline ....es- 9.6] 53] 9.8] 74 /9.8| 74/9.5| 73) 9.5) 52 
Control ..... ceseee.| 9.9] 99] 9.9] 7419.5] 74] 9.6 | 73| 9.5) 82 








| 





* The acid production is given as ml. of 0.01 n NaOH to titrate 1 ml. of the final 
solution. The values have been corrected for the blank titration. The values shown 
in bold-faced type of less than one-fourth the maximum control titration are 
considered to be indicative of essential amino acids. Since the inocula were un- 
usually large, relatively high blank titrations were not unexpected. According to 
the observation of Virtanen and Karstrém (16), glucose is fermented by cells per se 
even in the non-living, dried state. 


acids had been omitted in turn. The results of these experiments are 
shown in Table IV. The microorganisms are arranged in order of their 
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fastidiousness for the amino acids, and the latter are listed approximately 
in order of their indispensability for the strains tested. For Leuconostoc 
mesenteroides (8293), the least fastidious strain, only glutamic acid and 
valine were essential, while Lactobacillus brevis (8257), the most fastidious, 
required fifteen amino acids. Glutamic acid and valine were required by 
all of the organisms, while isoleucine was essential for all but three and 


TaBLeE IV —Continued 





L L. arabi- L. citro- L. lyco- 






































ign | soskos | oeaee [oes | ge | toa 
Amino acid absent from medium - 

el. ee]. (e8). lz]. 181.18 

> |Rl> |e I> |e i> | RB i> |B le 1 & 

ml. | hrs.| ml. | hrs.| ml. | Ars.| ml. | hrs.| ml. | hrs.| ml. | hrs. 
Glutamic acid............. 0.6; 100} 0.1) 142) 1.6) 100) 2.4) 150) 0.5) 98 | 0.0) 143 
Cr iveovgeesensseread 0.4; 80) 0.0) 142) 0.4) 80) 1.7) 55) 0.5) 98 | 0.0) 143 
NDS <ssanewandekckat 0.4) 100) 0.0) 142) 0.6) 100) 2.0) 150] 0.4) 98 | 0.0) 143 
RR sc crnnkecdendnnen 0.5) 100} 0.0) 142) 0.9) 100) 2.2) 150] 0.1) 66 | 0.0) 143 
Methionine................ 7.2} 80} 0.6) 142/14.8) 80) 4.4) 55) 1.3] 73 | 4.5) 143 
eres 17.0} 80) 3.0) 142)17.1} 80)12.6) 55) 0.7) 98 |10.0) 143 
Tryptophane.............. 16.8} 80) 2.9) 142/16.6) 80) 2.7) 80) 1.0) 98 | 9.1) 92 
RR a iiesncnecoeneaten 1.1) 100] 0.0) 142) 2.1) 100)15.1) 55) 4.5) 98 | 0.1) 143 
Rr rere ree 17.0} 80} 3.3] 142)17.3) 80)17.1) 55) 0.6) 98 | 9.6) 92 
SD 6 ina kkvarckense's 17.0} 80) 2.9) 142/16.4) 80/16.6) 55) 3.1) 98 | 9.5) 92 
Phenylalanine............. 17.2} 80) 3.0) 142/17.1| 80/11.4) 55) 5.4) 98 | 9.4) 92 
NS sin c3n cds onuceee 17.5} 80) 3.3) 142/16.8} 80/14.0) 55) 4.3) 98 | 9.5) 92 
ES oid evan denusteee 17.0} 80) 3.0) 142)17.3) 80)17.1| 55) 3.5) 98 | 9.6) 92 
0 ee oe 17.3} 80) 0.1) 142/17.3) 80)17.1) 55) 3.8) 98 | 0.1) 143 
SY cuchihcctedashvebass 17.3] 80) 3.4) 142/17.1) 80/17.1) 55) 3.1) 98 | 9.4) 93 
Sy er ee 17.3} 141] 2.8} 142/17.1] 140/17.0) 140) 3.6) 98 | 9.4) 112 
Alanine....... (hanenedaada 17.0} 80) 2.7) 142/17.0} 80)16.8) 55) 3.7) 98 | 0.1) 143 
cist ketnaeacanbndgee 16.8} 141) 2.7] 142)17.1) 140/16.7) 140) 3.6) 98 | 9.6) 64 
eee 17.3} 80) 3.2) 142/17.2} 80/17.0) 55) 4.3) 98 | 9.1) 92 
Hydroxyproline............ 17.0; 80) 3.1) 142)17.4| 80)17.0) 55) 4.2) 98 | 9.4) 92 
IS eee: 17.4) 80) 3.0) 142)17.2) 80)17.1) 55) 4.1) 98 | 9.4) 92 
Sagan eas ankees<aeee 17.2} 80) 3.1) 142)17.2) 100/17.0) 55) 4.5) 98 | 9.1) 92 



































leucine for all but four strains. The number of strains which required 
each of the following amino acids are shown in parentheses: methionine 
(10), arginine (10), tryptophane (13), cysteine (12), histidine (9), threonine 
(6), phenylalanine (7), tyrosine (8), glycine (4), aspartic acid (4), lysine 
(4), serine (2), and alanine (3). Norleucine, norvaline, proline, and hy- 
droxyproline were without pronounced effect on acid production by any 
of the microorganisms. If any other constituents of the basal medium 
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were contaminated with one or more of these four amino acids, the non- 


essentiality observed for the latter would be invalidated. 


The quality of 


the amino acids employed in the present experiments is indicated in the 


Table I. 


foot-note to 


That norleucine and norvaline were found to be non-essential was not 
unexpected, since these amino acids may not exist in protein materials. 
Because the essentiality of proline and hydroxyproline might not have been 


Amino acid absent from medium 


Glutamic acid... 
Valine... 
Isoleucine 
Leucine... 
Methionine. 
Arginine. 
Tryptophane 
Cysteine. 
Histidine. 
Threonine. .. 
Phenylalanine 
Tyrosine 
Glycine. . 
Asparagine 
Lysine..... 
Serine..... 
Alanine..... 
Proline. ; 
Norleucine......... 
Hydroxyproline. 
Norvaline........ sealant 
SA Ricudcihavisidananacae 











L. dex- 














} 
| 





— 


L. fer- 


TasBLe IV —Continued 





L. manni- | 


| 








Pans | tranicum | menti 36 delbnichii | L. caseé 
(8358) | (8359) (9338) | ‘ems I LDs (9595) (7409) 
es v= v= v= | ot | | ot ; 
Se/ ¢/53/¢/8s 2 |S] 2 | 53] 2 | 2 
221 8 |32| & |'¢2| & is2i & iszazi €& iszi & 
> |B i> |B l> |B le |e le |e le Je 
ml Ars mil. hrs ml hrs. | ml. | hrs. | ml hrs.| ml. | hrs. 
0.9197 0.7; 50/ 0.8 56) 0.0| 146, 0.0 144) 0.0) 150 
0.673 0.5) 50 0.5 80) 0.1) 146) 0.1) 144| 0.0) 150 
1.5) 73 0.5, 50 0.6 56) 0.0) 146, 0.4) 144) 0.0) 150 
1.0| 66 0.4) 114) 0.6 56) 0.2) 146) 0.1) 144) 0.0) 150 
2.2) 73 | 2.2) 50) 0.4 80/ 0.1) 52)11.8} 93/16.8) 150 
2.9) 50 | 9.6) 72) 9.1) 23) 0.2) 146 1.1) 14 0.9) 150 
4.5] 73 | 0.8) 72) 0.6 56) 0.2 146) 1.6) 144) 1.2) 150 
1.2) 97 | 0.8} 72) 9.1) 56) 9.1) 76] 2.6] 144) 2.2) 150 
1.3) 50 0.7) 50) 6.0 80 9.01 76)11.2| 93|15.5} 150 
1.1) 50 | 7.1) 72/ 9.1) 80} 9.1) 76/16.2| 93/17.9] 150 
3.5] 73 | 4.4) 72) 0.5 56) 0.1) 146) 3.5) 93) 5.5) 150 
4.8] 73 | 7.0) 72) 1.1 80) 0.5) 52) 4.2) 144] 3.9] 150 
6.0] 73 | 9.7] 72| 9.5) 23] 9.0] 52/16.7) 93/18.0| 150 
6.2| 73 | 9.2) 72) 9.1 23} 9.0) 52)17.5| 93)17.7| 150 
5.8] 73 | 9.2) 72) 9.0 23) 9.0} 52)13.5) 93)17.4} 150 
3.8] 50 8.0! 72! 9.0 116) 9.8| 115 0.5) 137) 1.8) 141 
6.8 73 | 9.0) 50) 8.7, 56) 9.0) 76/13.2| 93/16.8) 150 
4 73 | 9.2) 72) 9.1 116) 9.8) 115/15.5) 137|16.8) 141 

1) 73 | 9.4) 72) 9.1 23) 8.8) 52)12.7| 93/171) 150 

1) 73 | 9.3) 72) 9.0, 23) 8.9) 52)12.5) 93 17.3) 150 
| 5.9) 73 | 9.1) 50) 9.4) 23) 9.0) 50/12.2) 93/17.4) 150 
6.1] 73 | 9.3) 72) 9.0, 23) 8.7) 52)12.7 





93)}17 .2) 


150 


exhibited in the experiments described, further studies were made of these 


amino acids. 


This problem was of particular interest because it had been 


found earlier (3) that proline was essential for Leuconostoc mesenteroides P-60 
grown in a basal medium of different composition than that employed in 
The requirements of all of the organisms were 


the present experiments. 


reinvestigated, therefore, with the basal medium given in Table I, but 
modified to contain no proline and hydroxyproline or markedly lower 
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concentrations of these amino acids. The rates of acid production by 
six of the microorganisms on four types of modified media are shown in 
Table V. The experimental data for seventeen of the strains were not 
included in Table V, since the rates of acid production were not altered 
significantly even with both proline and hydroxyproline absent from the 
basal medium. Significant amounts of acid were formed by Lactobacillus 
lycopersict (4005), Leuconostoc dextranicum (8359), Lactobacillus pento- 


TaBLe IV —Concluded 









































- } a Z. L. pento- | L. mesen- . 

FBS | vais, | einarorum | “scticus | ieroides | Tact 
Amino acid absent from medium Ty = — — a pes ee = 

EO | ES EO zo EO EO 

- eS | > - - ia) |> e > ial > ial 

ml r= ml. | hrs. | ml. hrs.| mi. hrs.| ml. | hrs.) ml. | hrs. 
Glutamic acid.............| 0-41 99 | 0.21 168| 1.0| 98 | 0.8] 94] 0.4! 74 | 0.01 169 
Valine.....................| 0.4] 99 | 0.4! 168] 0.9] 73 | 0.1) 170] 0.5] 74 | 0.0} 169 
Isoleucine 0.3! 52 | 0.6! 168) 1.0! 98 | 0.0! 170] 0.4| 74 | 0.0] 169 
TS EES HORS ...| 0.1) 66 | 0.4) 168!) 1.2) 92 | 0.1) 170) 0.4) 92 | 0.0) 169 
Methionine............... | 0.5) 52 | 0.9) 168) 3.9) 73 | 1.2) 170] 8.5) 74 | 0.2) 169 
SE er eee | 0 3) 52 | 0.9) 168} 1.1) 98 | 0.5) 170) 0.5) 51 | 0.2) 169 
Tryptophane..............| 0.3} 52 | 1.2) 93) 2.6) 98 | 0.7| 170] 1.2) 98 | 0.0) 169 
Cysteine...................| 9.0) 75 | 6.0) 93} 2.0) 73 | 0.4) 94] 1.7] 98 | 0.0) 169 
Histidine 2.0] 99 | 0.9] 168] 1.8] 98 | 0.7 170| 1.0] 98 | 0.2) 169 
Threonine.................| 3.9] 99 | 0.4] 168] 0.7] 98 | 0.0] 170] 0.2] 98 | 0.0} 169 
Phenylalanine.............| 0.4] 52 | 5.6} 93) 2.0) 98 | 1.2) 76) 3.7) 98 | 1.0] 169 
Tyrosine........... -.....| 0.4} 52 | 1.9| 168) 3.7| 98 | 2.0) 170] 2.8) 98 | 1.2] 169 
Glycine....................| 9.2] 75 | 2.9] 168] 1.8] 98 | 2.0] 170] 2.2] 98 | 1.0] 169 
Asparagine.......... 2.4 9.0) 75 | s.1| 93] 4.7] 98 | 5.6] 76] 0.8] 74 | 0.1) 169 
I as ucncehrves: | $.6| 52 | 0.5] 168/11.7| 73 | 0.9] 170] 0.6] 98 | 0.0] 169 
ST ona | 9.1] 52 | 3.5| 137] 4.5] 98 | 8.4] 139]/10.7| 98 | 4.9] 140 
Alanine....... eee | 1.4| 168} 1.2) 98 | 5.6} 76) 7.9] 98 | 4.2) 75 
“Saree | 9.0] 52 | 8.1] 137/12.5] 98 | 6.1) 114]13.5] 98 | 4.7] 140 
Norleucine................| 8.5) 52 | 8.7) 93/14.1) 73 | 8.5] 76)14.7| 98 | 6.4) 75 
Hydroxyproline............| 9.3} 75 8.1} 93/13.3) 98 | 8.7) 76)14.9) 98 | 7.1] 7. 
Norvaline............0..8. 9.3] 52 | 8.1] 93/14.3| 98 | 9.0} 76/14.2| 98 | 6.4| 75 
a ckcesddn noaseeuwns 8.2) 52 | 8.4 9313.2) 73 | 8.7) 76)14.9) 74 | 7.4) 75 




















acelicus (367), and Leuconostoc mesenteroides P-60 (8042), even in the 
absence of both proline and hydroxyproline, although acid was produced 
more slowly by the last two than the first two strains. Acid production 
was delayed by the last two organisms when proline alone was omitted 
from the medium. The slow rate of acid production by Leuconostoc citro- 
vorum (8081), and especially by Lactobacillus brevis (8257), on a medium 
with only proline absent may indicate either a slow synthesis of proline 
or the presence of small amounts of proline in the sample of hydroxyproline. 
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The eleven amino acids found to be essential for Lactobacillus fermenti 
36 (9338) on the medium given in Table I are the same as those reported 
earlier (14) to be required on a medium of different composition. It 
was shown previously (3) that seventeen amino acids were required by 
Leuconostoc mesenteroides P-60 (8042), but it has been found subsequently 
(unpublished data) that alanine, proline, and serine are synthesized after 
prolonged incubation on this medium. Similarly, alanine, glycine, proline, 
and serine are synthesized rapidly, while phenylalanine and tyrosine are 
synthesized slowly, on the present enriched medium. Isoleucine was 
shown to be essential for Lactobacillus casei « (7469) on the present medium 
as well as that employed by Baumgarten et al. (17). Since McMahan and 
Snell (18) found that isoleucine was not essential for the growth of Lacto- 
bacillus casei, it would appear that this amino acid was synthesized on the 
basal medium employed or, more probably, that the medium was con- 
taminated with isoleucine. It is of interest that Hegsted and Wardwell 
(19) have reported that some commercial samples of dl-leucine contained 
appreciable amounts of isoleucine. 

Twelve amino acids (glutamic acid, valine, isoleucine, leucine, methi- 
onine, arginine, tryptophane, histidine, threonine, tyrosine, lysine, and 
alanine) were found to be essential for Streptococcus faecalis R (8043) 
in the present experiments. With the exception of alanine and tyrosine, 
all of these amino acids are required by this organism, according to Snell 
and Guirard (20), Stokes et al. (5), and Greenhut et al. (6), although only 
seven of the amino acids were stated to be essential by the first authors, 
nine by the second, and ten by the third. Other amino acids which these 
workers considered to be essential were aspartic acid and serine (20), 
phenylalanine (5), and aspartic acid, serine, and cystine (6). It is of further 
interest that Streptococcus faecalis R was used for the determination of 
histidine by Baumgarten et al. (17), threonine by Greenhut et al. (6), and, 
except phenylalanine, all of the ten essential amino acids by Stokes et al. 
(5). Although it would appear from the foregoing discussion that Strep- 
tococcus faecalis R has amino acid requirements which vary with the com- 
position of the basal medium, it may be that some of the stated conclusions 
are vitiated because of unsuspected amino acid impurities. 

The amino acid requirements of Lactobacillus mannitopoeus, Lactobacillus 
lycopersici (4005), and Lactobacillus buchneri, determined by the present 
workers, were considerably different from those reported by Wood et al. 
(8). It is difficult to ascertain the extent to which these differences may 
be due to the widely different composition of the basal media, amino acid 
impurities in the nutrient substances, and differences in the strains of the 
organisms employed in the two laboratories. 

The amino acids given in bold-faced type in Table IV were essential up to 
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and beyond the incubation period required for maximum acid production 
in control experiments. Amino acids in this category are of particular 
interest because of the probability that they may be determined more 
accurately in biological materials than amino acids which are required 
by organisms only during more restricted incubation periods. It has been 
found worth while, however, to provide procedures for certain amino acids 
such as threonine (21), which could be determined with satisfactory ac- 
curacy only within the stated time of incubation. For this reason, the 
amino acid requirements of the organisms employed in the present ex- 
periments have been further investigated. Data representing the maxi- 
mum drop in acid production resulting from the omission of each amino 
acid in turn from the complete basal medium (Table I) are shown in Table 
VI. The gradations in partial amino acid requirements, which are in- 
dicated by these data, were not revealed by the studies (Table IV) of 
maximum acid production. The times of incubation over which the amino 
acids, corresponding to the values (given in bold-faced type) for the maxi- 
mum drop in acid production, might be determined microbiologically are 
given in Table VI. In a limited number of cases, the omission of certain 
amino acids from the basal medium resulted in an increased rate of acid 
production without affecting the amount of acid finally produced. From 
the experimental results shown in Table VII, it may be concluded that 
these amino acids inhibited acid formation by the stated organisms.  Al- 
though amino acid inhibitions occur infrequently in media of relatively 
high nutritional quality, they have been observed previously by Hutchings 
and Peterson (13), Dunn ef al. (3, 14), Shankman (10), MeMahan and 
Snell (18), and Snell and Guirard (20). In another type of inhibition, 
reported by Fox and coworkers (22, 23), excessive amounts of unnatural 
antipodes of certain amino acids inhibited the growth-promoting effects 
of the natural forms. 

It may be noted from the experimental results given in Tables IT to IV 
and VI that there is little correlation between the nutritional properties 
of different organisms of the same species. For example, fifteen amino 
acids were essential for Leuconostoc mesenteroides P-60 (8042), but only 
two amino acids were required by Leuconostoc mesenteroides (8293). Of 
all the cultures studied, the only members of the same species which behaved 
similarly were Leuconostoc citrovorum (7013) and Leuconostoc citrovorum 
(797). On the other hand, the visible growth of Lactobacillus pentosus 
124-2 and Lactobacillus brassicae (8041), as well as the rate and amount of 
acid production by these strains, was almost identical on all of the basal 
media. Although acid production by Lactobacillus brassicae (8041), 
but not by Lactobacillus pentosus 124-2, was somewhat retarded when 
pyridoxine, pyridoxal, and pyridoxamine were omitted from the medium, 
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both organisms responded alike to the other vitamins (unpublished data). 
For these reasons, it was tentatively concluded that these strains probably 
were of the same species. 

Even more marked was the apparent similarity in the nutritional re- 
quirements of Lactobacillus delbriickii LD5 (9595) and Lactobacillus casei 


Taste VI 
Maximum Drop in Acid Production Resulting from Omission of Amino Acid* 









































L. mesente- | L. citroverum | L. citrovorum | L. mesente- L. dextran- 

roides (8293) | (7013) | (797) roides (9135) | icum (8086) 
Amino acid absent from medium | oer te pane —| a ay E eeee 

| Vol. | | Vol-| | Vole} | Vole | Vol- ; 

ume | Time | ume | Time; ume | Time/| ume | Time! ume | Time 

| NaOH) | NaOH NaOH| Nai H NaOH) 

| ml. | hrs. | ml. | hrs. | ml. | hrs. | ml. | hrs. | ml. | hrs. 
Glutamic acid 7.9| 99 | 8.2) 74|7.9| 74 | 8.1) 73 | 8.4) 52 
Valine | 8.5| 99 | 8.6 | 52 | 8.5) 74 | 8.8) 73 | 8.8) 52 
Isoleucine eee ...| 4.38 | 25 | 6.6) 24 | 6.3) 24 | 7.6) 50 | 8.7 | 52 
Leucine. .... 11.4 | 25 | 0.7] 42] 1.1] 25 12.6] 66 | 0.4] 25 
Methionine. .... | 5.4 | 31 | 5.3 | 30 | 4.9] 24 | 5.6| 29 | 6.2) 52 
NC iS ah areicsg .....| 0.5 | 25 | 0.6] 10 | 0.3 | 10 | 3.1} 238 | 0.4] 24 
Tryptophane........ | 0.4) 25 | 0.3} 10 | 0.1} 24 | 0.9) 23 | 0.5} 10 
NO ee ee / 0.6} 31 | 0.6] 10 | 0.8} 10 | 2.9 | 50 | 0.6} 10 
Sere | 1.8 | 25 | 1.8] 24 | 1.7] 24 | 1.1] 23 | 1.9] 30 
Threonine..... Like waar |3.7| 25 | 3.4) 30 | 2.9| 24 |0.8] 23 | 1.7) 30 
Phenylalanine............ 0.8 | 25 | 5.1] 24 | 0.9] 24 | 0.3 9 | 0.5} 10 
Tyrosine.................| 0.8 | 10 | 0.6} 10 | 0.1 | 24 | 0.4] 23 | 0.5] 10 
Glycine...................] 0.3 | 25 | 0.4} 10 | 0.2} 24 | 0.5} 23 | 0.1] 10 
Asparagine............ ..| 0.7 | 25 (0.4) 24 | 0.1! 10 | 7.8) 29 | 0.1) 10 
So rere: See oF oe ee 10.2} 23 | 0.6 | 24 
Serine....................[ 1.2] 25 | 0.9] 10 |0.7] 24 [1.1] 23 | 0.7] 24 
EE TC Te | 0.1 | 31 | 0.4 | 10 | 0.0 5.3 | 73 | 0.4] 10 
See sis Gee oe 0.9 24 | 0.5 | 24 | 0.6 | 23 | 0.3) 24 
ne 0.1; 10 | 0.1) 10 | 0.0 | 0.0 | 0.0 
Hydroxyproline...........|0.1| 25 |0.3| 24/0.0/ |0.2/ 23! 0.0] 
Norvaline. ..... -seseeeee[ OL | 25 10.1] 10 | 0.0 0.0 0.2) 10 





* Each volume of NaOH represents the maximum difference between the volume 
of 0.01 nN NaOH required to titrate 1 ml. of final solution containing the complete 
medium and that with one amino acid absent. The values in italics (correspond- 
ing to those given in bold-faced type in Table IV) or in bold-faced type are at 
least two-thirds the maximum difference. 


e (7469). Not only were the rates and amounts of acid production, the 
visible growth, and the vitamin requirements (unpublished data) nearly 
identical on all of the media, but also the nearly quantitative similarity 
observed in the inhibitions (Table VII) by four amino acids was found only 
in these two of the twenty-three organisms studied. It seemed desirable 
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to investigate these strains further in order to supplement the nutritional 
studies of other workers.* It was found (unpublished data) that both 
strains‘ responded identically in producing acid from lactose in 24 hours, 
in producing acid from mannitol in 48 hours, and in coagulating milk in 
72 hours. According to Bergey’s (26) classification, these tests should be 
positive for Lactobacillus casei but negative for Lactobacillus delbriickii. 
In view of these findings it appears probable that the cultures of these 


TaBLeE VI—Continued 


LR |. & | , | cet] CL. L. byco- 


























| 
| 202 | *eoai). | buchmeri | ™Ceou4y >| “Ceoe2)” | fsaos)” 
Amino acid absent from medium =y — oe | —— oe ore om) =~ — 
> & |> e i> e i> e |> i> - 
| ml hrs | ml. hrs.| ml. | hrs. | ml. | hrs.| ml. | hrs.) ml. | hrs 
Glutamic acid. ............|15.7) 80,16.6| 80 | 2.9 142.15.5 60 | 4.0, 73) 9.2) 92 
_ _ Se peeeeeer 16.8 100)16.8| 80 | 3.4) 142/16.2, 60 | 3.9 73) 9.2) 92 
Isoleucine.................|16.7} 80|16.9| 80 | 3.5) 142/15.8| 60 | 3.8) 73| 9.6) 49 
Leucine. ..................|16.4} 80|16.8) 80 | 3.4) 142/15.7| 60 | 2.6) 114) 9.4) 49 
Methionine. ...... --se+++| 6.9) 22) 9.7) 30 | 2.4) 14218.0| 40 | 8.0) 98) 7.1) 73 
| ECS 2.9} 22) 5.5) 20 | 0.4) 142/10.8 20 | 3.6) 73] 3.9) 73 
Tryptophane..............| 2.0) 11} 1.0} 8 | 0.5) 91/15.0] 60 | 3.3; 73 0.5) 73 
a ie RRS 15.1| 100/16.1| 80 | 3.4| 142) 9.4] 20 0.2) 9) 9.1) 92 
ee 1) 0.6] 8| 0.2) 91| 1.6 14 | 3.7} 73) 1.7] 49 
Threonine. ...... es 0.5 1} 5.9) 20 0.2! 142) 4.1) 16 | 1.8) 50) 2.9) 73 
Phenylalanine............. 1.7] 11) 1.4) 8 | 0.2) 142) 7.9) 20 | 0.2) 23) 0.1) 25 
EDS tevhvce vinvenein 0.6 11) 0.2) 8 | 0.2) 91) 5.9) 20 0.4) 29) 0.0 
I (i dh tense tear cnens 1.6| U1) 5.5) 20 | 0.4) 91) 4.5) 12 | 1.4) 73) 0.5) 49 
Asparagine. . sseseeeee] 0.2} M1] 1.7] 8 | 8.8] 142) 2.9] 12 | 1.2) 29] 9.8) 92 
Lysine....................] 0.6] 11] 0.6) 8| 0.4} 24) 2.4] 12 | 1.3) 29) 0.7/ 73 
Serine... sisssseeeeese.{ 14] 26) 3.4] 20 | 0.5] 142] 0.8] 20 | 1.0] 29) 0.6) 24 
Alanine....................| 0.1} 22) 0.1} 8 | 1.1) 142) 0.5 12 | 0.6) 50) 9.2) 92 
Proline........ -....| 0.0) | 0.6) 20 | 0.4) 142) 1.0) 20 | 1.8) 29) 0.2) 24 
Norleucine. ...............| 0.0 0.0 | 0.5 91 0.0 | 0.2} 23) 0.1) 25 
Hydroxyproline........ (0.5 11/0.4 8/ 0.0 0.8 12 0.7) 9 0.1 449 
$/ 0.1) 91.0.4 12 0.1 230.1 9 


Norvaline..... ne 0.4) 11) 0.4) 





organisms represent closely similar, if not identical, varieties of the same 
species. It is of interest in this connection that the identity as Lactobacillus 
casei of organisms described in the literature as Lactobacillus delbriickii 


* Comprehensive reviews have been given recently by Knight (24) and by Peter- 
son and Peterson (25). 

‘ Two cultures of Lactobacillus delbriickii LD5 (9595), one obtained from Dr. J. L. 
Stokes and the other from the American Type Culture Collection, responded identi- 
cally in the nutrition experiments. 
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LD5 and Lactobacillus bulgaricus 05 has been established by taxonomic 
studies reported recently by Rogosa (27). It was found with authentic 
strains of these organisms that, unlike Lactobacillus casei, neither Lacto- 
bacillus delbriickii nor Lactobacillus bulgaricus grew in defined media con- 
taining all known B vitamins and amino acids. 

Stokes and Gunness (28) encountered some difficulties in obtaining 
data as highly accurate as might be desired in determining aspartic acid 
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| L. dex- L. dex- L. fer- , L. del- P 

“a | wy — 1 monn iting ny 
Amino acid absent from medium low - oT — = —- — 

| =O to) eo to} to) | eS 

\> ~ - e - = i>  |> | & > e 

ml. hrs. | ml. , hrs ml. | hrs.| ml. | hrs. | ml. | Ars. ml. | hrs. 
Glutamie acid............ 5.2| 73, 8.6 73 | 8.6 23 | 8.7| 28 |12.7) 93 |17.2| 150 
Valine.....................| 6.8, 73) 8.7| 73 | 8.6 23 | 8.9 28 12.8 93 |17.0) 150 
Isoleucine................ 4.3} 73| 8.5) 73 8.5) 23 | 9.0) 28 |12.6| 93 |17.1| 150 
Leucine. ..................| 6.4} 114] 8.6) 42 | 8.5] 23 | 8.9) 28 |12.7| 93 |17.1| 150 
Methionine................| 8.7] 73) 6.9) 73 | 8.7) 23 | 8.7) 28 | 1.1] 74 | 0.5) 50 
Arginine...................| 2.9] 23] 0.7} 23 | 8.1) 23 | 8.7| 28 |12.0) 93 |16.1] 150 
Tryptophane..............| 1.3} 73) 8.2) 73 | 8.6) 23 | 8.7) 28 |11.8| 93 |15.7| 150 
Cysteine...................| 4.9] 73] 8.4} 73 | 2.9] 23 | 8.1) 28 [11.1] 93 |14.7] 150 
i i =: 4.8| 73| 8.5) 73 | 8.4) 23 | 8.2) 28 | 1.5] 93 | 1.5] 150 
Threonine....... ee | 4.7| 73} 3.0] 23 | 8.5) 23 | 8.9) 28 | 0.0 0.1; 18 
Phenylalanine............ 2.4) 73) 4.9] 50 | 8.6) 23 | 8.9) 28 | 9.2) 93 |11.5) 150 
Tyrosine. .................] 1.1) 78) 2.5) 29 | 8.2) 23 | 8.4) 28 |10.0) 93 |13.1) 150 
OIRO KE 0.0 0.4} 23 | 0.1) 12 | 1.9] 28 | 0.0) 0.5! 30 
Asparagine................] 0.0, | 0.6] 23 | 0.0 2.2} 20 | 0.4) 25 | 2.4) 50 
ND i). oun cenn daw --| 0.1 9} 0.3} 23 | 0.1) 12 | 2.5) 20 | 0.2) 25 | 0.2) 18 
i RS aR 8 2.0 73) 2.2} 23 | 0.1) 28 | 0.2) 28 |12.1/137 |16.6| 116 
NS eee ee | 0.0) 0.2} 23 | 3.0) 23 | 8.9) 28 | 0.0 0.1) 18 
NESE | 0.8 23| 0.4) 23 | 1.2) 19 | 0.0 0.2} 24 | 0.4) 28 
Norleucine................ 0.0 0.3) 23 | 0.0 1.0/ 20 | 0.4) 25 | 0.6) 50 
Hydroxyproline............ 0.0 0.1) 23 | 0.4) 12 | 0.0 0.4) 25 | 0.4) 5O 
Ie wean tnevenn ts (0.0) | 0.1) 9 | 0.2) 7 | 0.1) 20 | 0.6) 73 | 0.4) 50 








and serine with Lactobacillus delbriickii LD5 (9595), with a basal medium 
essentially the same as that on which Hutchings and Peterson (13) found 
these amino acids to be essential for Lactobacillus caset «. Although 
evidently these amino acids are required under some conditions for the 
growth of Lactobacillus casei e« (and hence the strain, referred to as Lacto- 
bacillus delbriickii LD5), the requirement at least for aspartic acid is non- 
specific, since good growth on the present medium resulted in the absence of 
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aspartic acid and asparagine, and inhibitions occurred in the presence of 
asparagine. In searching for the essential substances which may have been 
lacking in the medium employed by Stokes and Gunness and by Hutchings 
and Peterson, it was ascertained that neither acid nor visible growth was 
produced up to 64 hours incubation when both uracil and asparagine were 
omitted from the enriched medium. Incubation up to 134 hours was re- 
quired before either acid or growth was observed. The omission of uracil 


TaBLe VI—Concluded 


L. gayonii| caiis'R | “sorum | acchieus |roides Proo| 2,breris 
— (8043) (8081) (367) 8042) “ve 

Amino acid absent from medium - = = = = a 

o= v= of lod u= 2= 
> - > ~ - ol - - - - > - 
ml. | hers. | ml. | hrs. | ml hrs ml hrs ml. | hrs mil. ry 
Glutamic acid............. | 7.8 52 | 7.7| 74 [12.3 73 | 8.5) 76 |14.4: 74 | 7.8! 75 
tik ari abranioans | 7.9 52 | 7.7| 74 |12.1) 73 | 8.9) 76 |14.2| 74 | 7.6) 75 
I si. acini a nena | 7.6) 52 | 7.6) 74 12.1) 73 | 8.7 76 [14.2 74 | 7.5) 75 
Leucine ae 5 Sane wean | 8.2) 66 | 7.7) 74 |12.0) 73 | 8.7) 76 |14.0) 74 | 7.4] 75 
Methionine............... | 7.6) 52 | 7.1) 74.| 9.1) 73 | 8.1) 76 [11.2) 74 | 7.2) 75 
Arginine...................| 7.6] 52 | 7.6} 74 |12.0| 73 | 8.5) 76 |14.1| 74 | 7.4) 75 
TUPPOORRARE. ... 2.260006: | 7.6 52 | 7.0) 74 |10.8) 73 | 8.2) 76 (13.5) 74 | 7.4) 75 
Cysteine..... searchers | 3.6) 31 | 2.9) 26 [11.1 73 | 8.5 76 (13.4 74 | 7.5) 75 
Histidine............. ....| 7.8) 52 | 7.1) 74 [11.4) 73 | 8.3) 76 |13.8) 74 | 7.2) 75 
BR 6 ce nis eres anne | 7.8) 52 | 7.7| 74 |12.2| 73 | 8.9! 76 |14.8| 74 | 7.6) 75 
Phenylalanine............. | 7.6| 52 | 4.4) 26 [11.5] 73 | 7.3) 76 |11.6| 74 | 6.6) 75 
IES Gir ietnt tetvenoencet | 7.6 52 | 6.6 74 | 9.6) 73 | 7.7| 76 (12.3) 74 | 6.5| 75 
Ee 0.6) 25 | 6.0 93 11.9) 73 | 7.7) 76 |13.5| 74 | 7.0) 75 
Asparagine................| 0.0 4.1, 26 | 9.8 73 | 4.4 28 (13.8) 74 | 7.8) 75 
eee in ody go-eneneest 0.5) 31 | 7.6) 74} 1.4) 9 | 8.7) 76 |14.0) 74 | 7.5) 75 
Serine.....................| 0.5) 25 | 6.2 40 | 9.2 73 | 6.1 42 | 6.4) 52 | 6.6 67 
Alanine....................] 1.1] 31 | 7.6) 74 |12.8| 73 | 3.0) 76 | 6.7| 52 | 3.1) 75 
a eis ks hj ....| 0.6] 31 | 1.7) 24 | 1.6] 23 | 4.1) 42 | 1.2) 24 | 2.6) 75 
Norleucine................| 0.4] 31 | 0.0 0.0 0.8 19 0.6, 24) 1.0; 75 
Hydroxyproline........ 0.6) 31 | 1.4) 18 | 0.1) 23 | 0.5) 28 | 1.0) 24 | 0.7) 51 
io 


Norvaline. ...... 0.4) 25 | 0.9 26 0.1 23 | 0.6 28 | 1.0 24) 1.0 


\ 





alone had no effect on acid production. On the other hand, the omission 
of any other substance,® present in the enriched medium but lacking in 
that of the authors quoted, had no effect on the asparagine requirement. 
In a separate experiment, the basal medium was modified to contain 0.1 
times the original amounts of amino acids and vitamins. Under these 


5 Thiamine, p-aminobenzoic acid, choline chloride, inositol, pyridoxamine, pyri- 
doxal, guanine, uracil, xanthine, norvaline, and ammonium chloride. 








oe 


> PO > 


| 


we 
th 
qu 
in 

ess 


th 











DUNN, SHANKMAN, CAMIEN, AND BLOCK 17 


conditions, Lactobacillus casei « and Lactobacillus delbriickit LD5 showed a 
definite but partial requirement for asparagine over short incubation 
periods. A similar, but lesser, effect was observed for about half of the 
remaining organisms. Since all three cultures (two of Lactobacillus del- 
briickii LD5 and one of Lactobacillus casei €) behaved similarly, it was con- 
cluded that aspartic acid (or asparagine) is essential for Lactobacillus 
casei ¢ only in the absence of uracil. 

It was stated by Hegsted (11) in 1944 that ‘“‘the term ‘essential amino 
acid’ may have significance only in relation to the composition of the 
basal medium.” The validity of this conclusion is recognized, although 
other variables, especially the incubation time, may be of equal or greater 
importance. Hegsted pointed out that of the eight, nine and ten amino 
acids found to be essential for Lactobacillus arabinosus 17-5, by Shankman 








Tasie VII 
Maximum Increase in Acid Production Resulting from Omission of Amino Acid* 
L. citrovorum L. dextranicum L. delbriickii L. casei 
(797) (8358) LD5 (9595) (7469) 
Amino acid absent from medium ie ue : Las we senna eee 
Volume) -y; | Volume | Time |Volume) 7; Volume |; 
NaOH | *"™* | NaOH | *"™° | NaOH | “"™* | NaOH | *™E 
ml. hrs. | ml. hrs ml. | hrs. | ml. hrs. 
= = 
Arginine se achae ne as | 52 | 
DY 4.3.5. nints $a Kee Weise 5.4 | 50 | 5.4] 75 
‘ b 4 | . - 
db incnnide & ments | | 2.9 | 50 | 2.4 | 7% 
Asparagine................. 0.5 | 52 | 0.5 | 50 | 5.7 | 74 | 2.4] 7% 
. © | 
pO EP ee eee 1.3 | 50 | 0.9 | 50 1.2 51 











*Each volume of NaOH represents the maximum negative difference between 
the volume of 0.01 nN NaOH required to titrate 1 ml. of final solution containing the 
complete medium and that with one amino acid absent. 


(10), Kuiken et al. (12), and Hegsted (11), respectively, only six amino 
acids (cystine, glutamic acid, isoleucine, leucine, tryptophane, and valine) 
were listed as essential by all three authors. It seems significant that, of 
the six amino acids listed, all but one (cystine) has been found to be re- 
quired by Lactobacillus arabinosus 17-5 on the enriched medium employed 
in the present experiments, and that this amino acid was shown to be 
essential in two of the three laboratories referred to by Hegsted. On 
the other hand, cystine was required on the less complete media, but not 
on the enriched medium, while arginine and methionine were required on 
the enriched medium but only on one or two of the less complete media. 
That microorganisms have such definite amino acid requirements, even on 
media of widely varying composition, may explain in part why it has been 
possible to develop satisfactory microbiological assays for the determination 
of some amino acids in a relatively short time. 
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The conclusions that “‘the method of culture of the test organism is a 
very important factor in the response of the bacteria to the nutrients 
assayed” and that “the culture method has an important rdéle in the produc- 
tion of successful microbiological assays” have been drawn recently by 
Nymon and Gortner (29) from their study of acid production by Lacto- 
bacillus arabinosus (8014) and Lactobacillus casei (7469). These authors 
found that the decreased linearity of response with added niacin, observed 
for cultures of Lactobacillus arabinosus transferred every 3 or 4 weeks in 
yeast extract-dextrose agar, was overcome after a series of transfers through 
skim milk and subsequent transfers through nutrient-rich liver-tryptone 
broth. Since these investigations were limited to niacin, it does not follow 


TasBie VIII 


Rates of Acid Production for Six Cultures of Lactobacillus arabinosus 17-5 (8014) 
, 1 4 


Culture No.* MI. of acidt 


.2 (10) 11.0 (24) 


1 2.0 (6) 5 12.2 (30) | 15.6 (52) | 17.0 (74) 
2 1.8 (6) 5.3 (10) 11.6 (24) | 12.7 (30) | 16.2 (52) | 16.6 (74) 
3 0.8 (6) 3.4 (10) | 9.6 (24) | 11.1 (30) | 14.8 (52) | 16.9 (74) 
4 1.4 (6) 4.4 (10) | 11.2 (24) | 12.6 (30) | 16.0 (52) | 17.0 (74) 
5 | 1.4 (6) | 5.2 (10) | 10.8 (24) | 12.5 (30) | 16.3 (52) | 17.2 (74) 
6 | 0.7 (6) 3.9 (10) | 11.2 (24) | 12.5 (30) | 15.9 (52) | 16.8 (74) 








* All cultures of Lactobacillus arabinosus 17-5 (8014) were obtained from the 
American Type Culture Collection. The cultures have been maintained for more 
than 2 years as follows: Nos. 3 and 6 on Bacto-tomato juice agar (Difco), No. 2 on 
Bacto-proteose-tryptone agar (Difco), and Nos. 1, 4, and 5 on Bacto-yeast-dextrose 


agar (Difco). 
¢ Given as ml. of 0.01 n NaOH to titrate 1 ml. of final solution. The values have 
been corrected for the blank titration. The figures in parentheses refer to the 


incubation time in hours. 


necessarily that linearity of response would have decreased with other 
added vitamins or with amino acids. 

In the writers’ study of this problem, six different cultures of Lacto- 
bacillus arabinosus 17-5 (8014), obtained initially from the American 
Type Culture Collection, were carried for more than 2 years by weekly, 
or bimonthly, transfers on three types of nutrient media. The rates and 
amounts of acid production by these cultures in the complete basal medium 
(Table I) are shown in Table VIII. Although the amount of acid produced 
in 6 hours varied from 0.8 to 2.0 ml., the rates of acid production were 
such that acid production was nearly uniform from 30 to 74 hours. The 
maximum drop in acid production by these cultures, with each of the listed 
amino acids omitted in turn from the basal medium, is shown in Table IX. 
It may be observed that, under these conditions, the same four amino 
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acids (glutamic acid, valine, isoleucine, and tryptophane) were essential 
for all six cultures of Lactobacillus arabinosus. There had occurred, there- 
fore, no apparent change in the response to these four amino acids of these 
six cultures of Lactobacillus arabinosus which had been carried as described. 
The further observation has been made that there has been no significant 
reduction in the precision and accuracy with which the stated four amino 


TaBLe IX 


Maximum Drop in Acid Production Resulting from Omission of Amine Acid for Siz 
Cc ultures of Lactobacillus arabinosus 17-5 (8014) 





Culture 1 | Culture 2 | Culture 3 Culture 4 Culture 5 | Culture 6 








"| 
| 











zs) | 
oi 8 | 























Amino acid absent from medium 2 . se] , . - 25 | : 25 BI il 25 x 
27\ £ \22| & |22| & |\22| & |22| @ /2z| é 
> & |> ee i> <=) | 
mil. hrs. | ml. hrs. | ml. | hrs. ml. | hrs. | ml. | hrs. | m pes hrs 

Glutamic acid............. 18.6 74 |18.4, 52 16.7 74 |14.8) 74 18.3) 74 16.8) 74 
Valine. ................+..|44.8) 74 |14.0) 52 /16.7) 74 14. 7, 74 (13. 6 52 14.8) 74 
NN: ons eeaun easing 13.8 74 18.4 52 15.6 74 a4. .3) 74 18. 1 52 15.5) 74 
Methionine................ | 6.4) 52 | 6.4) 52 | 7.9) 74] 8. 0 52 | 6.6) 52 | 7.5] 52 
PIN ne scsnnnsvialeien (4.1) 24 | 3.6, 10 | 5.8) 30 | 4.1) 24 | 4. 0 10 | 6.1) 24 
Tryptophane...... ceeees (M27) 74 12.7, 52 |14.5) 74 13.1) 74 /12.2 52 13.5 74 
Cysteine...................| 8.7) 30 | 3.1) 24 | 7.5) 24 | 4.9) 24 | 3.9) 24 | 8.9) 24 
Histidine | 0.6, 6 | 0.6) 10 | 1.3) 10 | 1.1) 10 | 1.6, 10 | 2.1) 10 
Threonine .| 2.0) 10 | 2.3) 30 | 2.5] 30 | 1.5) 10 | 2.1] 10 | 2.2) 24 
Phenylalanine 2.6| 10 | 3.2) 24 | 6.0| 52 | 4.0) 30 3.2, 10 | 7.1) 52 
Tyrosine 1.0) 10 | 1.0, 24 | 1.3] 52 | 1.2) 10 | 1.3) 10 | 1.9] 24 
Glycine | 2.5) 10 | 2.5) 10 | 2.1/ 10 | 2.0) 10 | 2.4) 10 | 3.3) 24 
Asparagine 1.7} 10 | 0.9} 10 | 2.6, 30 | 1.0| 10 | 1.6) 10 | 2.9) 24 
Lysine 0.3) 10 | 0.2) 10 | 1.0) 10 | 0.4) 10 | 0.7) 10 | 1.8) 10 
Serine (0.2; 610.0 (00 | 0.3) 6 | 0.5, 10 | 0.8) 10 
Alanine. 0.2} 6/ 0.0, | 0.2, 10 | 0.2) 6 | 0.6) 10 1.1] 10 
Proline 0.4 6) 0.2! 6 | 1.3, 10 | 0.9) 10 | 0.9 10 | 1.3; 10 

Norleucine 0.1 6 | 0.0) 0.8 10 | 0.3) 6 | 0.6, 10 | 1.4 10 

Hydroxyproline 0.5 6 0.0 0.6 10 0.2) 6 0.5 10 | 1.5) 10 

Norvaline 0.1 6 0.0 0.7, 10 | 0.3 10 | 0.5 10 | 1.3, 10 





* See the corresponding foot-notes to Tables V and VIII. 


acids could be determined with Lactobacillus arabinosus over more than a 
2 year period. These results are not wholly in agreement with the con- 
clusions of Nymon and Gortner. 

On the other hand, the initial rate of acid production was slowest and 
the drop in acid production resulting from the omission of some acids 
(especially arginine, cysteine, methionine, and phenylalanine) from the 
medium was most marked, with Cultures 3 and 6, which had been carried 
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on tomato juice agar.6 Although there were quantitative differences in 
acid production by the six cultures of Lactobacillus arabinosus, the qualita- 
tive nutritional requirements were essentially alike. It seems probable, 
therefore, that the cultures of other organisms (Tables II to VII), which 
exhibited distinctly different nutritional requirements, represent separate 
varieties and, possibly, different species. It may be found desirable, 
therefore, to reclassify some of these organisms. 

While it would not be expected that the amino acids for which Lacto- 
bacillus arabinosus has only partial requirements cannot be determined 
entirely satisfactorily under the assay conditions so far reported, it seems 
probable that special egnditions might be found under which such amino 
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acids could be determined with reasonable accuracy. The methods 
suggested recently for the determination of threonine (21) and _ histidine 
(30) are considered to be examples of procedures in this category. It 
was found that these amino acids could be determined satisfactorily after 
48 hours incubation, even though threonine was synthesized on the present 
medium after about 30 hours and histidine after about 50 hours (Fig. 1). 

Experiments are now in progress to determine the suitability of some 
of the microorganisms investigated in the present work for the determina- 
tion of some of the amino acids. 


* It is of interest that Kuiken et al. (12) carried their cultures of Lactobacillus 
arabinosus on tomato juice agar and that they added a tomato juice preparation to 
their basal media. 
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SUMMARY 


The response of twenty-three lactic acid bacteria grown in a basal medium 
of arbitrary composition has been determined. It has been found that 
acid production was not lowered significantly at levels of total amino 
acids and vitamins one-fourth those employed initially, that the number of 
amino acids essential for the microorganisms ranged from two (glutamic 
acid and valine) for Leuconostoc mesenteroides (8293) to fifteen (exclusive 
of serine, alanine, proline, hydroxyproline, norleucine, and norvaline) 
for Lactobacillus brevis (8257), that certain amino acids were inhibitory 
for four microorganisms, that of the microorganisms investigated only 
Lactobacillus brevis (8257) required proline (except when excess hydroxy- 
proline was present) over incubation times up to 140 hours, and that there 
were variations of some significance in the response of six cultures of Lacto- 
bacillus arabinosus (8014) which had been maintained for more than 2 
years on three different culture media. It is considered probable that 
reasonably satisfactory assay procedures could be developed for each amino 
acid (except hydroxyproline, norleucine, and norvaline) with from one to 
twenty-three of the lactic acid bacteria. Experimental studies leading to the 
possible development of new or improved procedures for the determination 
of certain amino acids are in progress. Evidence has been presented point- 
ing to the identity of Lactobacillus delbriickit LD5 (9595) and Lactobacillus 
casei € (7469). 
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VITAMIN REQUIREMENTS OF TWENTY-THREE 
LACTIC ACID BACTERIA* 


By 8. SHANKMAN, MERRILL N. CAMIEN, HARRIETTE BLOCK, 
R. BRUCE MERRIFIELD, ann MAX 8. DUNN 


(From the Chemical Laboratory, University of California, Los Angeles) 
(Received for publication, August 17, 1946) 


The investigation of the amino acid requirements of twenty-three lactic 
acid bacteria, described in the preceding paper (1), was unique in that an 
exceptionally rich basal medium and a wide range of incubation times were 
employed in the determination of each amino acid requirement. It seemed 
desirable to extend this study to other nutritional factors, since there is 
need for additional information on the nutrition of organisms which might 
be employed in microbiological assays. This is indicated by the known 
interrelations between growth factors such as the replacement by alanine 
of the pyridoxine requirement of Streptococcus faecalis R (2), the synthesis 
of threonine in the presence of pyridoxal by Lactobacillus arabinosus 17-5 
(3), and the synthesis of aspartic acid in the presence of uracil by Lacto- 
bacillus casei « (1). Further nutritional data might also be useful in 
identifying these organisms, since, for example, it was concluded from the 
preceding work (1) that Lactobacillus delbriickit LD5 had been classified 
incorrectly. Although the vitamin requirements' of numerous lactic acid 
bacteria have been extensively investigated, systematic studies of the re- 
quirements of all of the known vitamins on synthetic media of high nu- 
tritional quality and over a wide range of incubation times have not been 
attempted previously. The vitamin requirements of twenty-three lactic 
acid bacteria have been investigated in the present experiments. 


EXPERIMENTAL 


The organisms, the techniques, the experimental conditions, and the 
basal medium were the same as those given in the preceding paper (1), 
except that synthetic folic acid,? instead of a concentrate of this vitamin, 


* Paper 30. For Paper 29 see Dunn et al. (1). The subject matter of this paper 
has been undertaken in cooperation with the Committee on Food Research of the 
Quartermaster Food and Container Institute of the Armed Forces. The opinions or 
conclusions contained in this report are those of the authors. They are not to be 
construed as necessarily reflecting the views or indorsement of the War Department. 
This work was aided by grants from the American Home Products Company, Merck 
and Company, Inc., the Nutrition Foundation, Inc., Standard Brands Incorporated, 
and the University of California. 

! Comprehensive reviews have been given by Knight (4), Peterson and Peterson 
(5), and Snell (6,7). 

? Obtained from the Lederle Laboratories through the courtesy of Dr. S. M. 
Hardy. Although the organisms grew as well on the basal medium containing 
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was used in all of the experiments. The rate of growth of the organisms 
was determined in terms of acid production. The experimental results are 


shown in Tables I to IV. 


DISCUSSION 

The maximum amounts of acid produced by each organism on each type 
of medium at the indicated incubation times are given in Table I. The 
vitamins are listed in Table I approximately in order of their nutritional 
importance, as judged by the results of these experiments. The essential 
vitamins were considered to be those whose omission from the basal medium 









































TaBLe I 
Maximum Acid Production in Absence of Vitamin* 
‘a a sk kd attics 
| gt | 3 3 33 | 2 
t% =f o =: i. ™ 3 
Vitamin absent from medium| §32 F£2 3 Eo 833 fig $3 223 i 
ESS) SFE | SSE | ESS | FSS} SS | BSE 3 
) N sj xe) x ) q 3 
| ml. hrs.) ml. hes.| ml | hrs.| ml. hrs. ml..| hrs ml. | hrs.) ml. | hrs.) ml.| hrs. 
| | 
Nicotinic acid. 1.6120) 1.3119, 1.8119 1.5 46)1. 6117 4.0 164 3.7 123)0.5 89 
Pantothenic acid 2. 1120) 1. 8119) 1. 51191. 7 1201.7 117| 5. 9 164! 4, 7123/1 .3)160 
Folic acid. .. l4. 5120) 8.4 119} 5.1) 1199. 6 465.0 70 16.4 71/16. 3) 76/4 .5)160 
Biotin...... .. 19.8} 71) 9.7 46/10.1| 1 46|8.2 2| 71 9. 5, 70) 6. 7/164 6.2)123)1.7|160 
Riboflavin a 9.7 47) 9.6 29) 9. 7 46/6. 3120/4. 3117 16. 4| 7116.5) 76 0.910 
Thiamine....... 7.1/120) 7.1) 70) 7.41194. 6) 71 4. 8117 16.1) a 16.1 76/1.0'160 
Pyridoxine... 9.5) 71) 9.6 70) 9. 7| 466 212019. 5 70/16. 1| 7113. 4; 76'4.3)160 





— acid. 9.7 72/10 | 70) 9.1/ 469. 7| 719.3) 7016.4) 71/16. 7, 55\4.7/160 
Control.. eer 71| 9.9, 46) 9. 9 719.8) 469.1) 4616.1) 71) 16. 0.12314. 6/160 








. ‘Acid produc tion given as ml. of 0.01 Nn NaOH to titrate 1.0 ml. of final solution 
per tube. The values are corrected for the blank titration. The figures given in 
bold-faced type are less than one-fourth the control titration. The vitamins cor- 
responding to these figures are considered to be essential. 


permitted growth of the organism equivalent to a titration value (given 
in bold-faced type in Table I) less than approximately one-fourth that 
found in a control experiment. The number of organisms for w hich the 


crystalline folic acid as on that containing the concentrate, the possibility is not 
excluded that other forms of folic acid would have greater activity. It is also possi- 
ble that the growth rate might be increased beyond that recorded in the present 
paper by the tomato juice eluate of Lyman et al. (8), the strepogenin of Sprince and 
Woolley (9), the nucleoside of Hutchings et al. (10), the liver and yeast factors of 
Stokstad (11), the liver and whey supplements of Cooperman et al. (12), the vegetable 
juice factors of Metcalf et al. (13), and other natural materials. In agreement with 
the observation of Johnson (14), it was found that nicotinamide was not required by 
any of the organisms studied in the present experiments. 
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stated vitamin was required are given in parentheses: nicotinic acid (18), 
pantothenic acid (17), folic acid (4), biotin (2), riboflavin (3), thiamine (2), 
pyridoxine (2), and p-aminobenzoic acid (0). The omission of choline or 
inositol had no effect on the growth of any of the organisms. It seems 
probable that each of the essential vitamins could be determined satisfac- 
torily by the organisms requiring it, since growth in the absence of an 
essential vitamin was not significant even after prolonged incubation with 
relatively heavy inoculation and in the presence of exceptionally high 
concentrations of other vitamins and nutrients. 

The maximum drop in acid production by each organism resulting from 
the omission of each of the vitamins in turn from the control medium is 
shown in Table II. The italicized figures represent values which are at 
jeast two-thirds the largest drop observed in acid production and it is 


TABLE I—Continued 
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= os | ¢ | ¢ |See/5..| .8 
Vitamin absent from medium 435 s&s S49 S22 rr 338 bes: Ps 
Sac | 253 |838$| $82 | $83 | SES | $82) SE 
7 -PS | gst] TSS |] SS] 85" 1] 8 Se 
~ Jj 4 ~ ~ ~ ~ < 
ml. lave. | ml. | ars. ml.| hrs.| ml. | | ars.| mb. rs. ml. | hrs. at. hrs.) ml. | ars. 
Nicotinic acid.........|11.3164/0.6 800.6 926.8 70/1.5117/1. 11650.4 91/ 2.1) 69 
Pantothenic acid. ..... 14.1 1640. 8 89/1. 31631. 711711. -6 117/1.4 1650. 6 91 1.3161 
SS rrr 16.1) 484. 81138. 5 70/6. 77 70/1. 0) 4618.5) 298. 6 46) 7.9)161 
eee 2164/2. 0113/4. 3 1636.8 8 70)9..1) 468.8 49,2. 5 por 5.4/161 
Ne 16.2) 48/2. 7| 89)2. 3/163 5. 3) 70)8.8) 28)8.5, 498. 6 46) 1. 3 161 
IR ii caciceie nace 16.0, 483.5) 896.5 1632.7 7 70/4. 8117/8. 2) 72/2. 2162/16. 0,161 
PVEMIOMING. 2 .....520086: 16.1|1642 01138. 7| 706. 7| 45.9. 2 70/8. 8 72.8.5 69| 1. 6161 


p-Aminobenzoic acid. ..|16. 3 485.0.113|8.7 70 6. 8) 459. 5) 468.7 7 498. 4 69/16. 1161 
0 eae 16. 2 48/4. 91138. 6 1637. 1 459. 2! 708. 6 72/8. 1/162 15. 8 90 
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considered that successful assays might be made for these vitamins. The 
figures which are given in bold-faced type indicate those vitamins which 
are essential for the organisms only under restricted times of incubation. 
The number of organisms for which the stated vitamins had this type of 
essentiality are given in parentheses: nicotinic acid (4), pantothenic acid 
(5), folic acid (3), biotin (9), riboflavin (2), thiamine (5), pyridoxine (0), 
and p-aminobenzoic acid (0). 

The vitamin requirements found in the present work, as well as those 
reported in the literature, for fourteen of the organisms are summarized in 
Table III. Although nearly the same vitamin requirements were found in 
other laboratories, a number of differences may be noted. Some of the 
vitamins reported in the literature to be essential were found to be non- 
essential or to be essential only over a short incubation time. That these 
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vitamins were synthesized under the present experimental conditions was 
not unexpected, since the synthesis of growth factors including folie acid 


TasBiLe I[—Concluded 








. | Lacto- | s faecalis | L. citro- sesites | L. mesen 
Vitamin absent from medium L Avo — mae} % ‘vorum | pento- = a 
“289) | (8043) 8081) an (8042) | 2: 

|} ml. \hrs.| ml. hrs ml hrs. | mil Ars. | mi. | hes. | ml. lhrs.| ml | Ars, 

Nicotinic acid | 4.4 162'1.0163) 1.8 161) 2.0) 94 | 0.5 163] 5.2/117|0.2'162 
Pantothenic acid $.1/162.1.1) 92) 1.9) 161) 1.8; 94 | 1.1) 92) 3.0) 710.9 91 
Folic acid 11.0/162'8.6) 47| 0.8) 161] 2.2) 94 | 1.8) 71/13.5/117/0.5) 91 
Biotin. ... 8.6 162)8.8) 92] 0.4) 161] 2.2) 94 | 4.3) 163) 2.7/117/3.3/162 
Riboflavin 2.1/162)8.3) 92 7.7) 90) 2.4) 70 | 8.1) 92/14.6 1178.4 162 
Thiamine 16.0/162'4.2) 92) 7.6} 90) 2.2) 94 | 2.8) 163)13.5/117/1.5 162 
Pyridoxine 2.8 688.6) 92) 6.7) 161) 2.1) 94 | 8.6) 71/10.8/117/8.8 162 
p-Aminobenzoic acid 16.0 162)8.4| 70| 7.7; 90) 2.2) 94:1 8.5) 92)13.9,117/8.6)162 
Control 15.7}162/8.5| 47) 7.8) 161| 2.3] 94 | 8.2) 163/13.4/117)8.4|162 


TaBLe II 


Maximum Decrease in Acid Production Resulting from Omission of Vitamin* 





3 » § ‘ 2. : 
Vitamin absent from e . Es - 38s S$. 335 38 
medium = Ss= | 333 ph S3x <3 
2 “= | FE$e/| gge| “s 3s= 33 
s — ~ x — x 4 ne) 
ml. hrs ml. \hrs. ml.\hrs. ml. lars. ml.\hrs.| ml. \hrs. ml. lhrs. ml. | hrs. 
| | | 
Nicotinic acid 8.3! 47 8.7 467.8) 298.0] 467.7) 2813.3] 71 13.9| 544.3]160 
Pantothenic acid 7.9|' 47, 8.3 167.7 298.0) 467.8) 2811.9 71 13.0 543. 4/160 
Folic acid. .. 6.1 47 5.2) 215.5) 290.1) 715.6) 28 0.5) 48 0.2 310.2160 
Biotin 0.8, 22 0.3) 700.8) 112.0) 461.8) 2812.3) 48 12.0) 543.0)160 
Riboflavin 1.6 11 0.4) 700.4) 114.7] 467.2) 28 0.2) 48 0.3) 313.8)160 
Thiamine 2.9) 22 3.1] 292.8) 224.4) 465.4) 28 0.3) 48 0.8) 313.6 1160 
Pyridoxine 0.8) 11—0.2| 290.7) 115.2} 461.9) 20 1.4) 48 4.1/°540.1) 90 
| ' 


22 0.6) 210.9 220.3) 460.9) 46 1.3) 28—0.9) 310.1) 90 


p-Aminobenzoic acid. 0.6 
' 


* The drop in acid production is given as ml. of 0.01 nN NaOH to titrate 1 ml. of 
final solution per tube. The values given in bold-faced type are at least two-thirds 
of the maximum drop observed foreach particular organism. It is assumed that the 
vitamins corresponding to the bold-faced figures might be assayed satisfactorily 
by the organisms indicated under restricted, but selected, times of incubation. 
The italicized values correspond to those given in bold-faced type in Table I. 


(17), riboflavin (18), and pyridoxine (20) has been observed on the rela- 
tively incomplete media employed in other laboratories. 

The effect on maximum acid production by the various organisms was 
investigated with basal media from which either pyridoxine or pyridoxal 
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and pyridoxamine had been omitted. The significant data are shown in 
Table IV. As was expected from the experiments of Snell (46, 32), maxi- 
mum acid production was decreased in the absence of pyridoxal and pyri- 
doxamine, even though the basal medium contained a relatively high 
concentration of pyridoxine. On the other hand, acid production was 
nearly maximal in the medium containing pyridoxal and pyridoxamine but 
no pyridoxine. Pyridoxine, pyridoxal, and pyridoxamine were slightly 
inhibitory to acid production by Lactobacillus brevis. No other example of 
inhibition by vitamins has been found in the literature. 

Although p-aminobenzoic acid was not required by any of the organisms 
investigated in the present experiments, this vitamin has been reported to 
be essential for Lactobacillus arabinosus 17-5 (29-31) and essential under 
restricted conditions for Leuconostoc mesenteroides P-60 (48). Numerous 
natural materials have been assayed for p-aminobenzoic acid with these 


TABLE II—Continued 




















| L. | Lacto- | 
. L. Lacto- | . Lacto- L 
| arabi- . | ; L. dex- | L. dex- | bacillus = he are 
Vitamin absent from medium} nosus i Rscenmne tranicum| tranicum ional bacillus ——— 
| AzS | (eoaz) | 'caoos) | (8358) | (8359) |" 36 | Topoews | (505) 
| (8014) | “PPS | (9338) | ‘Poems 
ml jie. ml.| hrs.) ml. | hrs.| ml.| hrs. ml.| hrs.| aul. | hrs.) ml. | hrs. ml, i 
| | | 
Nicotinic acid 19.1] 2s|4 .5|113| 8.5] 70/6.0| 4517.6] 28)8.0| 2918.5) 46|14.2| 90 
Pantothenic acid 7.1 sls. 1/113) 8.0) 70\5 8) 45 7.4) 28/7.6) 29'8.1| 69)14.8) 90 
Folie acid. .. 0.2) 48/0. 3) 89) 0). 3) 2710.3) 27/0.1) 210.3) 72)0.8) 14) 9.9) 90 
Biotin... 8.2] 28/2.0| 43) 6.3) 74[1. 9 271.0] 28}2.1| 17/6.4) 46/20. | 69 
Riboflavin 0. ] 28/2 2 sos 113) 6. 5 47\2 3) 27\1.3 21/2.1| 17\0.1 69) 14. 8) 90 
Thiamine 0.6 161.3) 113] 6.4 47.4.4) 455.4) 282.6) 177.0) 46) 1. 4| 90 
14. 9| 90 





Pyridoxine. . . '5.1| 28/1.7) 89} 0.4) 27/0.3) 70/0.2| 10/2.2) 17)1. 8 26 
3 


p-Aminobenzoic acid. .|1.0 16.0.2) 43|—0.2| 92/0.: 100.5, 10/1.3) 17 4. 0) 26| 0. 8} 90 





strains by the procedures described in the papers referred to. The apparent 
lack of specificity for p-aminobenzoic acid of any of the organisms studied 
in the present work might possibly be accounted for by contamination of 
the basal medium with this vitamin. It seems more probable, however, 
that synthesis occurred, since no requirement for p-aminobenzoic acid by 
fourteen of the microorganisms could be demonstrated even at concentra- 
tions of vitamins and amino acids one-tenth those present in the unmodified 
basal medium. Since not more than 0.002 millimicrogram of p-amino- 
benzoic acid per tube could have been carried over from the medium by 
the inoculum, this source of possible significant contamination was ex- 


cluded. 


3 In other experiments inhibition of Lactobacillus casei « and Lactobacillus del- 
briickii LD5 by p-aminobenzoic acid was observed during the initial stages of incu- 
bation. 
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On the other hand, the essentiality of p-aminobenzoic acid observed by 
other workers for the stated organisms, may be restricted to the relatively 
incomplete basal media employed. This view is supported by the report 
of Snell and Mitchell (21) that the requirement of Lactobacillus arabinosus 
and Lactobacillus pentosus is non-specific for p-aminobenzoic acid, since 
other nutrients (methionine, adenine, guanine, xanthine, and hypoxan- 
thine) were also effective in promoting growth of these organisms. It was 
stated that these substances did not contain p-aminobenzoic acid impurity, 
since treatment with decolorizing carbon and recrystallization did not 
change their activity. The probability that the basal media, utilized by 
the authors quoted for the determination of p-aminobenzoic acid, may have 
been somewhat incomplete in respect to amino acids is indicated by the 


TaBLeE II—Concluded 



































Lacto- | ¢ ° g. Lacto- L. mesen- 
Vitamin absent from medium m 469) ‘ prone — —_ oy - my ane 
(82a) | 8943) | (gog1) “(jor) |((8042) 
ml. \ hrs. ml.\ hrs.) ml. | hrs. ml. hrs.) ml. | hrs.) ml. | hrs.) ml. | hrs. 
Nicotinic acid. . ..... 12.7) 90)8.8) 47| 6.4} 90/0.4| 7 7.8} 92) 9.5)117) 8.3) 91 
Pantothenic acid .. (13.4) 9017.9) 47) 6.5) 9010.4) 94) 7.1) 71/12.1)117| 7.8) 91 
Folie acid. . F 8.0} 9010.6) 27) 7.0) 9010.0) 94) 7.8) 92) 1.2)117) 8.3162 
Se : ...110.4) 90/4.6) 47) 7.4) 90/0 94, 4.8) 71/10.5| 71) 5.9) 91 
Riboflavin. . ae eae 14.0) 90)1.9) 27)—0.2) 45/0 94; 0.2) 71) 0.5) 47) 0.4) 91 
ID kn de sci ciceas 1.0} 69/5.3) 47) 0.3) 45)0 | 94) 6.0) 71) 1.2)117) 7.2) 91 
Pyridoxine. .... ....+..|14.4) 90}2.5) 47] 1.9) 6810 | 94)/—0.9) 71] 4.0) 71;—0.2) 91 
p-Aminobenzoic acid... 0.6) 69/2 .6} 92}—0.2) 45/0 94; 0.8} 71) 0.8) 71) 0.4) 26 

















writers’ observation (unpublished data) that significant amounts of 
several amino acids, and marked quantities of some others (especially 
phenylalanine and tyrosine), were removed from an acid hydrolysate of 
casein which had been treated with decolorizing carbon. The further 
possibility was suggested by Snell (quoted by Shankman (50)) that there 
are two strains of Lactobacillus arabinosus 17-5 of which one, a mutant 
strain, does not require p-aminobenzoic acid. Lewis has stated (quoted by 
Pennington (48)) in this connection that “Lactobacillus arabinosus 17-5 
could be trained to give relatively stable p-aminobenzoic acid nonrequiring 
lines by subculturing in the presence of suboptimal levels of p-aminobenzoic 
acid” and that “recently his stock culture gained the ability to dispense 
with p-aminobenzoic acid after maintaining a stable requirement for at 


least three years.” 
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Vitamin Requirements of Fourteen Lactic Acid Bacteria 
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TABLE IV 


Effect of Pyridoxine, Pyridoxal, and Pyridozamine on Maximum Acid* Production by 


Lactic Acid Bacteria 


Vitamin omitted 
Incubation ‘ a: 


Organism Pyridoxine 


time pyridoxal,” Pyridoxal, —_ ol - 
pyridox- = Pyridoxine None 
amine 
hrs. mi. ml, ml. "a 
Lactobacillus brassicae (S041) 123 14.50 15.13 17.30 17.10 
L. arabinosus (S014) 28 10.50 11.34 15.10 15.60 
L. casei (7469) 161 3.20 9.60 14.00 16.80 
Leuconostoc citrovorum (S082)... 113 3.50 4.21 5.49 6.20 
L. delbriickit (9595) 161 2.60 5.72 8.70 16.90 
L. mesenteroides (S042) 163 10.22 15.02 15.88 
L. mesenteroides (9135) 120 7.70 8.50 10.70 10.81 
L. brevis (8257) Sd aa 69 8.14 8.00 7.50 7.50 


* Given in terms of ml. of 0.0206 n NaOH to titrate acid in 2 ml. of final volume 


solution per tube. 
SUMMARY 


The vitamin requirements of twenty-three lactic acid bacteria have been 
studied over a wide range of incubation times on a completely synthetic 
medium which was exceptionally rich in nutrients. The experimental 
results have been discussed in relation to nutrition studies which have been 
reported in the literature. It was considered probable that satisfactory 
assay procedures could be devised for the determination of pyridoxine, 
thiamine, biotin, riboflavin, folic acid, pantothenic acid, and nicotinic acid 
with from two to eighteen organisms. Choline, inositol, and p-amino- 
benzoic acid were not required by any of the strains. The inhibitory 
effect of pyridoxine and p-aminobenzoic acid on acid production by some 
microorganisms has not been previously reported for these or other vita- 
mins. 
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THE EFFECT OF CARBOHYDRATES ON ACID PRODUCTION 
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It was observed in the two preceding investigations (1, 2) on the amino 
acid and vitamin requirements of twenty-three strains of lactic acid 
bacteria that Lactobacillus plantarum, Lactobacillus acidophilus, and 
Lactobacillus buchneri grew poorly, if at all, and produced little, or no, acid 
under the stated experimental conditions. Although the remaining 
organisms grew satisfactorily and produced relatively large amounts of 
acid, further studies on the influence of nutrients other than vitamins and 
amino acids were undertaken. The object of this work was to determine, 
as far as possible, the types and proportions of nutrients required in the 
basal media for the most rapid and abundant acid production. It was 
assumed that the effectiveness of any stimulatory and inhibitory materials, 
introduced during an assay, would be reduced somewhat in proportion to 
the improvement in nutritional quality of the basal medium. The effect 
of carbohydrates on acid production was emphasized in these studies. 

Glucose has been employed almost exclusively as the carbohydrate 
component of media utilized for the determination of vitamins and amino 
acids, since the first procedure for the quantitative determination of a 
vitamin (riboflavin) with a lactic acid bacillus (Lactobacillus casei €) was 
described by Strong and Snell (3) in 1939. In view of its ready fermenta- 
tion by most lactic acid bacteria, glucose appeared to be superior to most, 
if not all, carbohydrates for this purpose. There is some evidence in the 
literature, however, which indicates that certain carbohydrates may be 
more effective than glucose as the source of acid in media used for the 
determination of some vitamins and amino acids by assay with particular 
strains of lactic acid bacteria. It was reported by Fred et al. (4) in 1919 
that cultures of organisms (named Lactobacillus pentoaceticus) isolated 
from manure, silage, and sauerkraut, and incubated for 2 weeks at 30—35°, 
gave yields of total volatile acids from xylose! which were from 2 to 3 times 

* Paper 31. For Paper 30 see Shankman et al. (1). This work was aided by 
grants from the American Home Products Company, Merck and Company, Inc., the 
Nutrition Foundation, Inc., Standard Brands Incorporated, and the University of 
California. 

1 It is of interest that a basal medium containing 1 gm. of xylose and 20 gm. of 


glucose per liter has been used by Barton-Wright (5) for the determination of trypto- 
phane by assay with Lactobacillus arabinosus 17-5. 
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as great as those obtained from fructose, glucose, sucrose, and lactose. 
The yields of non-volatile acids were nearly equivalent to those of the 
volatile acids. 

In later studies of the fermentation of pentoses (xylose and arabinose) 
and other carbohydrates (glucose, fructose, galactose, mannose, sucrose, 
lactose, maltose, melezitose, and raffinose) by Fred et al. (6), it was found 
that acetic and lactic acids equivalent to about 90 per cent of the sugar 
destroyed, and approximately the same quantities of total acid, were 
formed by some of the cultures of lactic acid bacteria (Lactobacillus pen- 
tosus, Lactobacillus arabinosus, and Lactobacillus pentoaceticus types). 
Since acid production by some of the lactic acid bacteria varies with the 
type of carbohydrate employed in the basal medium, it would be expected 
that the precision and accuracy of microbiological assays for vitamins and 
amino acids might be affected if a carbohydrate different from that present 
in the basal medium were introduced with the sample of material to be 
assayed. It appeared desirable, therefore, to study the relation between 
various carbohydrates and acid production by different strains of lactic 
acid bacteria. No systematic investigation of this type has come to the 
authors’ attention. The effect of sodium chloride has been determined 
in comparable studies, since this salt invariably is present in hydrochloric 
acid hydrolysates of protein materials. In addition, the possible stimula- 
tory action of a series of natural materials with which bacteriological media 
are commonly supplemented was tested. 


EXPERIMENTAL 


The basal medium, the experimental conditions and techniques, and the 
organisms were the same as those employed in preceding investigations 
(1; 2), except for the following modifications. Ammonium chloride, 
sodium chloride, xanthine, and all of the amino acids were omitted from the 
basal medium, and 15 gm. of Bacto-peptone (Difco) were added per liter of 
medium. The inoculum was grown on the modified basal medium and 
each tube was inoculated with 1 drop of the culture. The glucose in each 
basal medium employed in the fermentation experiments was replaced by 
an equal weight of one of the carbohydrates given in Table I, and an 
inverted glass vial was placed in each tube for the collection of gas. The 
carbohydrate test media were sterilized by steaming for 4 hour at 100°, 
instead of by autoclaving, and 0.05 per cent of caramelized glucose (pre- 
pared by autoclaving a mixture containing 1 gm. of glucose, 0.6 gm. of 
sodium acetate, 0.5 gm. of peptone, and 10 ml. of water) was added to the 
medium as a source of intermediate compounds reported to be essential 
for initiation of fermentation by some organisms (7, 8). The incubation 
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time was 72 hours in all experiments, except where otherwise stated, and 
3 ml. volumes of medium were employed in 4 inch, soft glass test-tubes. 

The experimental results, given in Tables I to IV, represent the averages 
of duplicate determinations. 

DISCUSSION 

The ml. of 0.01 N acid produced in 72 hours by twenty-four lactic 
acid bacteria on twenty-two media, each containing 2 per cent con- 
centration of a particular carbohydrate, are shown in Table I. Gas 
(indicated in the table) was formed in about 10 per cent of the 528 test 
samples. ‘The number of carbohydrates (and carbohydrate derivatives) 
from which gas was produced by the various organisms ranged from eight 
for Leuconostoc mesenteroides (8293) to one for Lactobacillus buchneri. No 
gas was formed by ten organisms on any of the media. The number of 
organisms which produced gas on the various carbohydrates ranged from 
twelve for maltose to two for lactose. No gas was formed from thirteen 
of the carbohydrates. Organisms which produced acid readily are con- 
sidered to be those for which acid production was more that two-thirds 
(indicated as bold-faced figures in Table I) that formed on the glucose- 
containing medium. The numbers of organisms which produced acid 
readily are given in parentheses: glucose (23), fructose (21), maltose (19), 
trehalose (13), galactose (12), arabinose (11), salicin (8), sucrose (9), 
lactose (7), xylose (7), raffinose (6), and mannitol (5). The number of 
carbohydrates from which acid was produced readily by the various 
organisms ranged from twelve for Lactobacillus arabinosus (8014) to two 
for Leuconostoc dextranicum (8359). 

It is of interest that one of the most fastidious organisms, Lactobacillus 
buchneri, produced very little acid in the present as well as in previous 
(1, 2) experiments on media containing glucose, whereas abundant acid 
was formed from xylose and from arabinose. A significant amount of acid 
was produced from fructose but not from any of the remaining carbohy- 
drate forms. It is evident that Lactobacillus buchneri might be employed 
for assay purposes with a basal medium containing either xylose or arabi- 
nose. 

Although none of the other organisms was as specific as Lactobacillus 
buchneri in its carbohydrate requirements, many strains produced more 
acid from other sugar substances than from glucose. Relatively high acid 
production was most common with the pentoses (xylose and arabinose). 
Five strains yielded considerably more acid from xylose, and six from 
arabinose, than from glucose. On the other hand, xylose was fermented 
poorly, and arabinose readily, by several strains, while the opposite fer- 
mentation tendencies were exhibited by several other strains. It may be 
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noted, also, that acid production by Lactobacillus lycopersici and by Lacto- 
bacillus brevis was unusually high both on xylose and arabinose. Seven 
carbohydrates were readily fermented by Lactobacillus fermenti 36 (9338), 
but xylose yielded approximately twice as much acid as any of the other 
sugars, including glucose. It would seem probable, therefore, that assays 
of samples containing relatively large amounts of xylose might not be 
entirely satisfactory with a glucose-containing basal medium. Con- 
versely, the quality of assays with this organism might be improved by the 


TABLE I 
Acid Production* 









































Carbohydrate or carbohydrate | —— a a 4 ow L. buch- 
derivative | Sen | um um | ides cum 124-2 | (g041) | *¢rit 
| (8293) (7013) (797) (9135) (8086) 

Glucose. ..................| 9.8¢ | 10.8t | 9.7t | 10.3f | 8.9¢ | 16.6 | 15.9/| 0.4 
Fructose..................| 7.0 | 6.8f | 6.6 | 7.4 | 8.2t | 16.0/ 14.8] 6.4 
Mannose. .. cee / 4.9 | 5.3 [6.1 | 1.8 | 6.9 | 16.8] 17.1] 0.1 
NN Si aves dak owst | 5.6 5.2 |4.8t| 1.8 | 3.0 | 16.0| 16.8] 0. 
Xylose...... }4.2 | 4.9 |3.8 | 3.8 11.8 | 8.9] 6.3] 17.6 
Arabinose Pn aprascrsre) 4.6 | 3.9 6.1 1.3 | 28.3) 7.1 | 22.9 
Rhamnose. 0.6 | 0.6 |0.6 | 0.6 |0.4 | 2.6] 1.4/ 0.0 
rere £ eee mys 4.5 |0.1 | 18.1) 11.6) 0.0 
Maltose...................| 9.1$ | 9.6 | 9.1f | 2.1 | 7.4¢ | 16.7} 15.6 | 0.3 
Sucrose....................] 6.1t | 6.1¢ | 5.9¢ | 7.6¢ | 7.3¢ | 16.6 | 16.3] 1.5 
Lactose....................{5.9t¢] 4.3 }4.1 | 1.5 [1.7 | 14.2] 14.9] 0.0 
Trehalose..................| 8.8{ | 8.9¢ | 8.7f | 9.5¢ | 6.9f | 16.9 | 16.7 | 0.0 
Raffinose................/.] 6.3$ | 6.2$| 5.0$| 1.2 | 1.2 | 14.8/ 1.2] 0.2 
rs | | 1.7 11.5 | 0.1 10.3 | 1.9] 1.9] 01 
Amylose...................|0.0 | 0.2 |0.2 | 0.3 |0.2 | 0.6] 0.5] 0.0 
SE ii ousaseausereni (04 | 0.6 |04 | 06 |0.8 | 1.0] 1.0] 0.0 
Inulin.....................}0.4 | 0.6 10.6 | 0.4 |0.6 | 0.6] 0.7] 0.0 
Mannitol..................}1.5 | 2.1 |2.9 | 1.8 |0.3 | 11.8] 11.6] 0.1 
SS eer me ome 0.4 |04 10; 1.0! 0.1 
Sorbitol.................- ‘06 | 10/10 | 08 |o6 | 1.0] 1.3! 0.2 
Inositol. ............ ..../1.0 | 1.0/1.0 | 26 |0.4 | 1.2] 1.2] 0.2 
Se 0.9 | 1.2 |1.3 | 08 (06 | 5.4] 5.3) 0.2 


| 
| 
| 
| 
| 
| 
| 


use of a xylose-containing basal medium. Consideration of the carbohy- 
drate preferences of Lactobacillus fermenti 36 is of interest since procedures 
have been reported for the determination of thiamine (9), histidine (10), 
threonine (11), and methionine (12) with this organism. Acid production 
was not increased significantly on media containing carbohydrates, other 
than xylose and arabinose, in place of glucose. 

The fermentation characteristics (Table I) of some of the organisms are 
atypical, according to the descriptions of these species given in Bergey’s 





o-_ 


SMSO oa 


tio 
ors 


ent 
als 
ing 

4 








CAMIEN, DUNN, AND SALLE 37 


(14) manual. Examples of Leuconostoc strains which appear to be in this 
category are citrovorum (7013), citrovorum (797), and dextranicum (8358), 
which, probably, should be classified as strains of Leuconostoc mesenteroides 
because of their ability to ferment sucrose and pentoses. Another Leu- 
conostoc strain, mesenteroides P-60 (8042), probably should be classified as 
Leuconostoc citrovorum, since it does not ferment sucrose. Other examples 
may be cited from the genus Lactobacillus, although complete classification 
could not be made on the basis of carbohydrate reactions alone. It ap- 


TABLE I—Continued 
































rab-| ‘ r 
Cubaigtite oe gacnenpaante “insas | hg \‘perniad| * ‘ran tani aia L. man-| de 
poet | (got) | e082) | .e08s) | (8358) | (8359) | (o3s8) |P2eustss) (9595) 
| | 

SN Pe ee 16.5 | 5.3 9.3t | 9.4t 10. 3t | 9.6t) 9.3t) 16.3 
Fructose.................../16.0 | 6.2 |6.1 | 7.1 |6.6 | 6.2] 6.0| 16.6 
Mannose................../16.9 | 6.8 |0.1 | 3.3 iF 9.1t} 9.3t| 17.6 
Galactose..................|14.4 | 2.4 |9.2¢] 1.6 [1.4 | 9.4t] 9.0 | 16.2 
I I 6 ord nce ria 14 | 0.8 [22.4 | 0.8 | 0.8 | 16.4] 0.4) 1.2 
eee 0.5 (21.9 6.5 lo.9 0.3 | 18.1) 1.3 
Rhamnose. 1.6 | 0.2 |0.0 | 04 |0.4 | 00] 0.0} 6.4 
Salicin ..../12.1 | 4.7 10.0 | 0.4 | 3.7 0.0} 0.0 | 11.1 
Maltose ooo... es (15.8 | 4.8 | 9.1t | 8.8¢ | 9.7t | 9.4t) B.9t) 1.5 
Sucrose........ Joes M2 | 0.1 | 8.7E] 7.8t | 6.1t | 0.0! 7.8t] 0.9 
Lactose... .. -o..../15.7 | 1.9 [0.1 | 0.5 | 0.4 | 7.9$ 2.9 | 16.3 
Trehalose..... | 16.6 | 1.5 |0.0 | 4.5 13.1 | 0.7| 0.0] 18.1 
Raffinose .... 14.0 | 1.2 |7.2 | 66 |/06 | 4.4] 6.6] 1.0 
Dextrin......... | 1.7 13 |00 | 05 |0.5 | 0.5/] 0.1] 0.9 
Amylose... . | (0.4 | 0.1 |0.0 | 0.0 |0.0 | 04/] 0.0] 0.2 
Glycogen......... (1.0 | 0.2 |0.0 | 04 | 0.4 | 0.0) 0.0] 0.8 
Inulin......... |0.8 | 0.2 |0.0 | 0.4 |04 | 0.0) 0.0} 0.8 
Mannitol................../12.6 | 1.3/1.5 | 3.5 |1.9 | 0.0] 0.0| 11.9 
| ee 11.0 | 0.1 10.0 | 0.4 |0.4 | 0.0] 0.0] 0.6 
Borbitol...................]9.2 | 0.4 | 0.0 | 0.6 |0.8 | 0.0] 0.0} 3.8 
Inositol.................../0.6 | 0.2 |0.0 | 0.4 |0.4 | 0.2] 0.0] 1.0 
ES Ae ..| 1.2 1.2 |0.0 | 1.0 es 0.2} 0.2} 1.0 

















pears, however, that Lactobacillus delbriickit LD5 (9595) is classified incor- 
rectly, since it fermented lactose. The other characteristics of fermenta- 
tion, as well as the vitamin (1) and amino acid (2) requirements of this 
organism, indicate that it is a strain of Lactobacillus casei nearly, if not 
entirely, identical to Lactobacillus casei « (7469). It may be desirable, 
also, to give Lactobacillus buchneri a special classification on the basis of its 
inability to ferment glucose. 

As shown in Table II, all of the organisms were strongly inhibited by 
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concentrations of sodium chloride ranging from 1 to 5 per cent and none of 
the strains was able to grow or produce acid in from 9 up to 14 per cent salt 
concentration. After an initial period of nearly constant acid production 
the latter gradually decreased with increasing concentrations of sodium 
chloride. Acid production by Lactobacsllus fermenti (9338), Lactobacillus 


TaBLe I—Concluded 


Carbohydrate or carbohydrate L L. gay- ‘ae obo pang bod 4 L. L. plon- 
derivative yarn onit§ faecalis “um 1cus es P-60 brevts forum 

7469) 8289 R (9043 8081 367 8042) 8257) (8008) 

Glucose. ... > eae 9.3¢ | 7.7 11.1 9.4f 165.1 9.3t 9.9 
Fructose. . .. 16.0 6.3 6.2 12.2 6.8 (12.6) 6.0f 9.2 
ETT eee 17.1 9.3 6.3 12.3 (0.3 | 14.6| 0.0) 10.6 
Galactose... 16.0 7.2/1.4 8.8 3.4 |10.2| 6.6t 4.6 
Xylose.... : 1.4 17.4 O.8 10 |9.2 | 16.4 | 22.4) 1.6 
Arabinose. . 11.5 0.3 0.7 16.5 18.9 17.6 | 21.7 6.7 
Rhamnose 6.4 0.0 0.2 2.4 | 0.0 28 00 O08 
Salicin. . : 12.9 0.0 | 3.9 10.7 | 0.0 3.3 | 0.0 6.5 
Maltose. . 1.9 9.1t 6.9 11.7 8.9t 0.0/| 8.1) 11.3 
Sucrose... fans ..| 0.7 0.0 | 2.9 0.0 | 0.0 0.0; 0.0| 7.0 
Lactose... .. eh eee 15.7 0.0 | 3.3 2.7 | 2.5 0.3 | 0.3 | 6.6 
Trehalose..................16.7 | 0.0 | 2.3 | 12.1 | 0.0 | 18.7] 0.0] 9.7 
Raffinose 1.0 0.0 0.6 0.2 | 0.0 0.2 0.0 9.0 
Dextrin..... oe 0.9 0.3 | 0.7 0.1 0.0 0.0; 0.0 | 4.7 
Amylose......... t 1 oe 0.2 | 0.0 0.0 | 0.0 0.0!) 0.0} 0.9 
Glycogen .....11.0 | 0.0 |0.2 | 0.2 |0.0 | 0.4] 0.0] 1.2 
Inulin. baawend 0.8 | 0.0 | 0.0 0.0 | 0.0 0.0; 0.0; 0.6 
Mannitol... 12.3 0.0 | 0.0 0.0 | 0.9 0.0; 1.1 0.7 
Dulcitol. 0.9 0.0 | 0.0 0.1 0.1 0.1 6.0 | 0.9 
Sorbitol 3.6 0.0 | 0.2 0.2 | 0.0 0.2} 0.0; 1.0 
Inositol 28 | 62 1628 0.0 0.0 0.4] 0.2] 0.8 
Glycerol Bears ..| 0.6 0.0 | 0.2 0.6 +, 0.0 0.4; 0.0; 1.2 


* Acid production is given as ml. of 0.01 N NaOH to titrate 1 ml. of final solution 
per tube containing 2 per cent concentration of the stated carbohydrate. Except for 
L. buchneri the values given in bold-faced type are at least two-thirds those found 
for glucose. 

t Culture obtained through the courtesy of Dr. V. IH. Cheldelin. 

t Gas formed. 

§ Similar results for acid production from fourteen carbohydrates by this (or a 
related) strain has been reported by Stiles et al. (13). 


mannitopoeus, Lactobacillus lycopersici (4005), and Lactobacillus gayont 
(8289) was unaffected, or slightly stimulated, by increasing concentrations 
up to a critical level (2 to 4 per cent) of salt, beyond which it decreased 
sharply. Comparable similarity in the behavior of these organisms was 
observed in the experiments on vitamin (1) and amino acid requirements 
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(2). It seems apparent that these organisms represent species which are 
closely related, but which may be readily differentiated by fermentation 
tests with sucrose, lactose, raffinose, xylose, and arabinose (see Table 1). 
Since all of the organisms were inhibited significantly by salt at particular 
concentrations, it seems probable that they might be inhibited even more 
on media containing concentrations of an essential nutrient approaching 


TaBLe II 


Per Cent Salt Tolerance* 





NaCl in basal medium 



































Organism att ——e 
oF. €, be 2 Cee 5 6 7 8 
L. mesenteroides (8293)....| 8.8 | | 9.2} 6.8] 4.4] 2.8] 1.6]0.2] 0.0 
L. citrovorum (7013)... 8.7/ 9.3; 64) 4.4/2.9) 1.7/)0.4/0.0 
L. citrovorum (797)........| 8.9} 9.0| 9.2} 66] 4.5/2.81]1.8]1.2|0.0 
L. mesenteroides (9135)....| 9.2} 9.1/ 9.8} 8.1] 5.4]3.0]0.2 | 0.0 | 0.0 
L. dextranicum (8086).....| 8.2; 9.1 8.9 | 6.1 4.0 |} 1.8} 0.2} 0.2 | 0.0 
L. pentosus 124-2.......... 14.1 | 13.9 | 13.4 | 12.0 | 11.0 5.5 | 2.5 | 0.8 
Lactobacillus brassicae 
TERRE PE ue 14.4 | 14.5 | 13.6 | 12.8 | 10.8 | 8.6 | 4.6 | 2.3 | 1.2 
L. arabinosus (8014)...... 15.2 | 15.5 | 15.9 | 14.8 | 138.0 | 9.3 | 4.4/1.4) 0.4 
L. citrovorum (8082)...... 5.8| 5.6] 5.0!) 4.3] 3.2/1.0] 0.2 | 0.0 | 0.0 
L. lycopersici (4005).......| 8.5 | 8.6 | 8.7) 88] 8.8/1.3} 0.9 | 0.2 | 0.0 
L. dextranicum (8358). ... 5.8} 5.2] 3.9 3.6} 3.0} 2.2] 1.1] 0.2 | 0.0 
L. dertranicum (8359).....| 6.2| 4.4| 3.4 | 2.6 | 2.0| 1.4! 0.4| 0.2 | 0.0 
L. fermenti (9338)... | 8.4| 83| 8.4 | 8.6] 6.2) 0.1/0.2 0.0) 0.0 
L. mannitopoeus.......... | 8.1 | 8.1} 8.0] 1.4 | 0.1 | 0.0} 0.0 | 0.0 | 0.0 
L. delbriickii (9595)... .. | 15.4 | 15.5 | 14.8 | 13.3 | 10.6 | 4.7 | 0.1 | 0.0 | 0.0 
L. casei (7469).............| 15.0} 14.9 | 14.2 | 13.5 | 12.0 | 9.0 | 1.9 | 0.0 | 0.0 
L. gayonii (8289)....... | 82] 83] 8.5 | $5) 8.0/0.4/ 0.2/0.2] 0.0 
Streptococcus faecalis R 
ENS E ..| 5.3] 5.7] 54] 4.6) 3.4/1.9] 0.6 | 0.2] 0.0 
L. citrovorum (8081) ...... | 11.4] 10.1] 8.9| 7.8| 6.8/5.2|/3.2]}1.4]0.4 
L. pentoaceticus (367)..... 4.9| 5.3) 3.6 | 3.0) 1.2/0.6 /0.4|0.2| 0.1 
L. mesenteroides (8042) . a 10.8| 9.6 | 8.1 | 6.7 | 5.6|3.4/1.2|0.0| 0.0 
L. brevis (8257)............ | 8.2] 84] 8.2) 8.0] 5.6 | 3.0| 1.6/0.4 | 0.0 











* Given as ml. of 0.01 n NaOH to titrate the acid formed per ml. of final solution. 
No acid was produced by any of the organisms at any concentration of salt from 9 
to 14 per cent. 


the limiting amounts. It seems evident, therefore, that possible inhibitions 
by salt should be avoided in assaying materials by microbiological methods. 
This may be accomplished by eliminating the salt from the sample to be 
assayed or, as has been described in recent papers (10-12, 15), by adjusting 
all solutions employed in an assay to the same salt concentration. 
Lactobacillus plantarum grew well on the present basal medium but not 
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on that employed in previous experiments (1, 2). It was concluded, 
therefore, that Bacto-peptone (Difco) contained a growth factor (or 
factors) in addition to the stated twenty-one amino acids, twelve vitamins, 
eight salts, three purines, and one pyrimidine. It was found, however, 
that this accessory material was not present in all lots of Bacto-peptone. 
For this reason, a series of supplements was tested. The results of these 
experiments are shown in Table III. 

Autolyzed yeast and Bacto-beef were found to be the best sources of the 
factor. Although liver concentrate powder stimulated the growth of 
Lactobacillus plantarum, the concentration of the factor in this product 
appeared to be less than one-third that in the other supplements. The 
other materials were without appreciable stimulatory effect in the quanti- 
ties employed in these experiments. It seems probable that this Lacto- 


Taste III 


Acid Production* by Lactobacillus plantarum (8008) on Basal Media Containing 
Nutrient Supplements 





Water- 


Liv 
' Bacto- Yeast Peptonized soluble Autolyzed sisted Bacto- 
Sone peptonet extract milk milk yeast aaa — | bee 
a { 4 = ‘| (Difco), (Difco), | (Difco), concentrate (Difco), POW ah ). (Difco), 
of medium | No. 382113 | No. 369332 | No. 359304 | (Labco), | No. 374818 | x 'eowe | No. 379586 
| | No. XXX ee 
mg. ml mi. ml ml. ml. ml. ml. 
0.33 0.1 0.2 0.3 0.4 14.7 0.6 | 14.0 
1 | 0.2 0.3 0.3 0.4 16.1 11.0 14.4 
5 | 0.2 0.5 0.7 0.7 17.3 15.9 15.5 


* Given as ml. of 0.01 Nn NaOll to titrate 1 ml. of final solution. 
t The amounts indicated were in addition to the 15 mg. of Bacto-peptone present 
per ml. of basal medium. 


bacillus plantarum factor is not thiamine, pyridoxine, pyridoxamine, 
pyridoxal, pantothenic acid, riboflavin, nicotinic acid, biotin, p-amino- 
benzoic acid, folic acid, choline, or inositol, since these vitamins were 
present in the medium on which no growth occurred. It appears likely 
that this factor is not coenzyme I, since yeast extract, a good source of this 
substance, did not support growth of Lactobacillus plantarum. The 
isolation of this factor and the development of an assay method for its 
determination are under investigation. 

The supplementary nutrients, except Labco XXX water-soluble milk 
concentrate, were tested at a concentration of 5 mg- per ml. of medium to 
determine their effect on 24 hour acid production by the lactic acid bacteria. 
The results of these experiments are given in Table IV for twelve of the 
organisms for which significant stimulation of acid production was ob- 
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served. The number of organisms in this category ranged from nine for 
yeast extract to four for Bacto-beef. Since increased acid was formed on 
Bacto-beef by only four of the twelve organisms, it appears probable that 
the yeast, milk, and liver supplements contained some growth factor (or 
factors) in addition to the Lactobacillus plantarum factor present in Bacto- 
beef. It is of interest that Metcalf et al. (16) have reported the presence of 
an unidentified growth-promoting substance (called T factor for Lacto- 
bacillus fermenti (L36)) in tomato juice and other vegetables. That the 
T factor is distinct from thiamine was indicated by its stability to heat. 
None of about forty other substances (vitamins, afmino acids, purines, 
pyrimidines, organic acids principally) enhanced the growth of this or- 


TaBLe IV 


Acid Production* by Lactic Acid Bacteria on Basal Media Containing Nutrient 
Supplements 























a | w= | a Ww 
|e = | le | £3 = | 

, 2 [sf if |8 12 |= | s3/§ | 3 3 

Supplement added (5 mg. | *3 Se | = »s if | 3 a = $ = 
per ml. of medium) San) Se | Bat eel Sel eee | cee Oe) oo 2 sn| aa 
e2| 22 |32|£2/22| 8 | $8 | 22 | 2 | $5 | $8) 58 
32] Ss | SS) —F/ VS! VS ; ss £3} *S] Sc |As)| 4 
N tl ~ Nn a) fon] j= i” ne ~~ oc a 
None................, 7.6) 14.1) 2.8) 1.9) 7.8) 12.0] 11.8] 4.9 | 11.8) 3.1 | 4.4] 0.2 
Yeast extract ....| 9.0 15.4) 3.2) 3.3, 8.4) 17.3) 17.0) 6.1 ap 3.5 5.3) 0.4 
Peptonized milk.....| 8.0 14.6 3.5) 3.9 8.2 15.5) 16.4 5.8 12.6, 4.8 | 6.4 0.3 
Autolyzed yeast..... 8.3 16.7, 3.4 1.4) 8.6, 14.5 14.3 4.0 | 13.2) 2.4 5.3) 3.7 
Liver powder........) 8.0 14.6, 2.7, 1.3) 7.8) 13.2) 13.0) 4.8 | 12.3) 4.7 | 4.6, 2.7 
Bacto-beef............ 9.0 14.5 2.8) 2.3) 8.6, 12.4) 12.0 3.9 12.1) 2.9 | 4.8 2.9 





* Given as ml. of 0.01 N NaOH to titrate 1 ml. of final solution per tube. The 
values given in bold-faced type are at least 10 per cent higher than those obtained 
when no supplement was added. 


ganism. It seems possible, from the present experiments, that the T 
factor might be xylose, since it alone, of all the nutrient substances tested, 
gave a significant increase in acid production (from about 9 ml. of 0.01 n 
NaOH per ml. of basal medium to about 16 ml.). No report has been 
found of the presence of xylose in tomatoes, although total sugars average 
about 3.4 per cent, according to Chatfield and Adams (17). 


SUMMARY 


It has been found from tests of twenty-four lactic acid bacteria and 
twenty-two carbohydrates (and carbohydrate derivatives) that the number 
of carbohydrates from which gas was produced ranged from eight for 
Leuconostoc mesenteroides (8293) to zero for ten organisms, that the number 
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of organisms which produced gas ranged from twelve for maltose to zero 
for thirteen carbohydrates, that the number of organisms which produced 
relatively large amounts of acid ranged from twenty-three for glucose to 
zero for nine carbohydrates, and that the number of carbohydrates from 
which acid was produced readily by the various organisms ranged from 
twelve for Lactobacillus arabinosus (8014) to two for Leuconostoc dex- 
tranicum (8359). Arabinose and xylose were the only carbohydrates 
which supported good growth and abundant acid production by Lacto- 
bacillus buchneri. Sodium chloride was well tolerated by all of the organ- 
isms up to concentraéions which, in some instances, were as high as 4 per 
cent. Acid production was inhibited at higher salt concentrations, and no 
acid was formed by any organism beyond 8 and up to 14 per cent concentra- 
tion of sodium chloride in the basal medium. It was considered probable, 
from experiments on the stimulation of acid production, that a growth 
factor essential for Lactobacillus plantarum (8008) and stimulatory sub- 
stances for eleven other organisms were present in nutrient supplements. 
Some evidence was presented which indicated that Lactobacillus delbriickii 
LD5 (9595), and possibly some other organisms, probably should be 
reclassified. The possible significance of the present experimental findings 
to the microbiological assay of vitamins and amino acids has been discussed. 
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THE DETERMINATION OF d(—)- AND U(+)-GLUTAMIC 
ACID IN PROTEIN HYDROLYSATES* 


By MAX 8S. DUNN, MERRILL N. CAMIEN, 8. SHANKMAN, anp 
HARRIETTE BLOCK 


(From the Chemical Laboratory, University of California, Los Angeles) 
(Received for publication, August 19, 1946) 


The determination of d(—)- and l(+)-amino acids is of interest because 
of recent reports that both isomers may be present in normal and tumor 
tissues, antibiotics, and microorganisms, and that they may follow different 
pathways in metabolism. Although amino acid antipodes may be esti- 
mated by the isotope dilution procedure and by means of specific amino 
acid oxidases, it would appear advantageous if each optical form could be 
determined microbiologically. 

It may be possible to determine d(+)- and /(—)-methionine in the 
presence of each other, since Dunn et al. (2) have shown that total d(+)- 
and /(—)-methionine may be determined with Lactobacillus fermenti 36 and 
l(—)-methionine with Leuconostoc mesenteroides P-60 or Lactobacillus 
arabinosus 17-5. The proportions of d(—)- and l(+)-glutamic acid in 
bacterial cells were estimated by Camien et al. (3), who compared the acid 
produced at various levels of the hydrolysates with that observed in media 
containing from 10:1 to 5:3 ratios of the antipodes. Quantitative values 
were not obtained and it would be difficult to determine the glutamic acid 
antipodes accurately by this procedure, since the activities of the isomers 
vary with the concentration (4-7) and a series of standard curves is re- 
quired. 

From studies (unpublished data) of the nutritional requirements of 
lactic acid bacteria, it was observed that d(—)-glutamic acid had no ac- 
tivity for two strains (Streptococcus faecalis R (8043)! and Leuconostoc 
citrovorum (8082)), but was as active as 1(+-)-glutamic acid in promoting 
acid production by seven strains (listed in Table II). d(—)-Glutamic 


* Paper 32. For Paper 31 see Camien et al. (1). The subject matter of this paper 
has been undertaken in cooperation with the Committee on Food Research of the 
Quartermaster Food and Container Institute of the Armed Forces. The opinions or 
conclusions contained in this report are those of the authors. They are not to be 
construed as necessarily reflecting the views or indorsement of the War Department. 
This work was aided by grants from the American Home Products Company, Merck 
and Company, Inc., the Nutrition Foundation, Inc., and the University of California. 

1 The number given in parentheses after the name of the organism refers here, and 
elsewhere, in this paper to the number given by the American Type Culture Col- 
lection. 
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acid had variable, but only partial activity for eight strains of Lactobacillus 
(t.e., fermenti 36 (9338), gayonii (8289), pentosus 124-2, arabinosus 17-5 
(8014), casei (7469), mannitopoeus, brassicae (8041), and brevis (8257)), 
and for three strains of Leuconostoc (i.e., mesenteroides (9135), citrovorum 
(8081), and mesenteroides P-60 (8042)). Assay procedures based on these 
findings were devised for the determination of /(+)-glutamic acid with 


TaBLe I 
Composition of Basal Medium 




















Constituent | Mg. per liter | Constituent Mg. per liter 
dl-Alanine | 667 | Xanthine | 12.0 
Asparagine, natural | 667 Dextrose | 20,000 
l(+)-Arginine- HCl 667 | Sodium acetate 12,000 
l(—)-Cysteine- HCl | 667 | Ammonium chloride | 6,000 
Glycine | 667 | KHPO, 500 
l(—)-Histidine-HCI-H,O | 667 | KHPO, 500 
l(—)-Hydroxyproline 667 MgS0,-7H:0 200 
dl-Isoleucine | 667 FeSO,-7H,0 10 
l(— )-Leucine 667 MnS0O,-4H,O 10 
dl-Lysine- HCl | 667 | NaCl 350 
dl-Methionine | 667 | Thiamine- HCl 1.0 
dl-Norleucine 667 | Pyridoxine | 1.6 
dl-Norvaline 667 | Pyridoxamine-2HC] | 0.10 
dl-Phenylalanine | 667 | Pyridoxal- HCl 0.10 
l(—)-Proline 667 | dl-Ca pantothenate 2.0 
dl-Serine | 667 | Riboflavin 2.0 
dl-Threonine 667 | Nicotinic acid 2.0 
dl-Tryptophane 667 Biotin 0.005 
l(—)-Tyrosine 667 p-Aminobenzoic acid 0.10 
dl-Valine 667 | Folie acid* 0.005 
Adenine sulfate-2H.0 13.8 | Choline chloride 10.0 
Guanine-HC1-2H.O 13.0 | Inositol 25.0 


Uracil 12.0 


* Product described previously (8). 


Streptococcus faecalis R (8043) and of total (d(—) + l(+-))-glutamie acid 
with any one of the seven organisms listed in Table II. 


EXPERIMENTAL 


The composition of the basal medium is given in Table I. Separate 
solutions of basal medium, amino acid test mixture, hydrolysates, standard 
amino acid, sodium chloride, and inocula were delivered into 3 inch test- 
tubes with the aid of an automatic pipette (Baltimore Biological Company 
instrument). The total volume of solution in each tube was 1.5 ml. All 
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of the solutions, except the basal medium, were adjusted to the same concen- 
tration of sodium chloride to compensate for any stimulatory or inhibitory 
salt effects. The standards (d(—)-, /(+-)-, and dl-glutamic acid) were run 
in quadruplicate at eleven levels and the test mixture and the protein 
hydrolysates were run in duplicate at two to five levels. The time and 
temperature of incubation were 72 hours and 35°, respectively. The ex- 
perimental results are given in Tables II to V. 


DISCUSSION 


It was found that d(—)- and l(+-)-glutamic acid could be determined in 
an amino acid test mixture containing about a 3:1 ratio of 1(+)- to d(—)- 
glutamic acid and in acid hydrolysates of casein and Lactobacillus arabino- 
sus cells. As was shown in Table II, acid production by each of seven 
organisms was essentially the same for each standard (d(—)-, /(+-)-, and 
dl-glutamic acid) at each of the eleven levels. Acid production by Strepto- 
coccus faecalis R was negligible for d(—)-glutamic acid and it was nearly 
equivalent for /(+-)-glutamic acid and twice the quantity of dl-glutamic 
acid. 

As was shown in Table III, the recovery of 1(+-)-glutamic acid from the 
amino acid test mixture was 100.4 per cent, while that of total (d(—) + 
l(+)-glutamic) acid averaged 100.8 (95.0 to 105.2) per cent. The cor- 
rected 1(+-)-glutamic acid (Table IV) found for casein was 20.7 per cent 
and the total glutamic acid averaged 22.3 (21.4 to 23.3) per cent. Since 
the difference between these values is barely larger than the limits of 
accuracy of the microbiological procedures employed, the view that casein 
yields little, if any, d(—)-glutamic acid on acid hydrolysis appears to be 
correct. The l(+)-glutamic acid (Table V) found for dry, defatted 
Lactobacillus arabinosus cells was 4.23 per cent and the total glutamic acid 
averaged 8.23 (7.37 to 9.20 per cent). The calculated d(—)-glutamic acid 
was 4.00 per cent. The values reported previously (3) for d(—)- and 
l(+)-glutamic acid in the same cell preparation were 3.67 and 3.87 per 
cent, respectively. 

Data for glutamic acid obtained by microbiological assay with Lacto- 
bacillus arabinosus 17-5 may be somewhat inaccurate, if the biological 
materials assayed contain both isomers of this amino acid, owing to the 
variable activity of d(—)- and 1(+-)-glutamic acid for this organism. It is 
of interest that Lactobacillus arabinosus 17-5 has been employed in all 
(published) microbiological assays for glutamic acid. 

It is the object of future investigations to improve the precision and 
accuracy of the assay procedures and to determine the amounts and 
proportions of the antipodes of glutamic acid in a variety of natural mate- 
rials, 
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TaB_Le III 


Per Cent Recovery of l(+)- and Total Glutamic Acid from Amino Acid Test Mizxture* 


I(+) 
Glutamic Total glutamic acid 
acid 
Amino acid 
test mixture, level i aon Lecto- 
per tube S. fae nostoc | L.mesen-| L. cit- L. cit bacillus | L. lyco- | L. dex- | L. dex 
calis R | dextran- | teroides | rovorum rovorum | lycoper- | persicit tranicum | tranicum 
8043) icum 8293 797) 7013) sictt $005) 8359) 8358 
S086) 4005) 
¥ 
470 | 105.2 | 100.0 | 92.5 | 87.5 | 98.8 | 102.2 | 77.5 | 113.7 | 77.5 
940 101.3 | 100.6 | 106.9 | 110.2 | 107.2 | 107.2 | 104.9 96.8 75.0 
1410 | 100.0 100.0 | 102.2 
* es | | 
1880 | 95.3 | 








Average....| 100.4 | 100.3 | 99.7 98.8 | 103.0 | 103.1 94.9 | 105.2 | 76.2§ 


* The amino acid mixture contained 1.27 per cent /(+)-glutamic acid and 0.424 
per cent d(—)-glutamic acid; otherwise, it was the same as amino acid test mixture 
No. 4 described previously (9). 

t Basal medium given in Table I. 

¢t Basal medium given in Table I, except that arabinose (1 per cent) and xylose 
(1 per cent) were substituted for glucose (2 per cent). 

§ Omitted in calculating the average value referred to in the text. 


TaBLe IV 
Per Cent of l(+)- and Total Glutamic Acid in Casein 

















| b+)- | ee 
Glutamic! Total glutamic acid 
acid 
Casein® level | - -_ i —__— a 
per tube | Leuco- | | | Lacto- | 
S. fae- | nostoc®|L.mesen-| L. cit- L. cst- | bacillus | L.lyco- | L. dex- | L. dex- 
| calisR | dextran- teroides | rovorum | rovorum | lycoper- | persicit | tranicum | tranicum 
| (8043) icum (8293) | (797) | (7013) |  sicst (4005) | (8359) | (8358) 
(8086) | | (4005) | 
bea - a — ——s a seein) ‘aay ios 
y | ! | | 
18.6 | 20.8 | 21.5 | 20.6 | 23.6 | 22.1 | 29.5§| 24.7 | 22.1 | 19.8 
37.3 20.5 21.2 21.4 21.5 | 21.5 | 21.7 | 23.5 21.2 | 21.2 
56.0 21.3 21.0 | 22.3 23.6 | 21.9 | 23.3 | 22.2 23.8 | 21.7 
74.6 20.6 | 22.4 | 23.2 | 22.8 | 22.8 | 23.5 | 24.2 | 20.2 | 22.6 
93 .2 20.2 | 24.2 23 .4 23.6 | 25.0§| 24.0 21.9 19.6 17 .8§ 
Average....| 20.7 22.1 22.4 23 .0 22.1 23.1 23 .3 21.4 21.3 


* Corrected for moisture and ash. 
t, t, § See the foot-notes to Table III. 
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TABLE V 


Per Cent of l(+)- and Total Glutamic Acid in Lactobacillus arabinosus Cells* 








1(+)- 
Glutamic Total glutamic acid 
acid 
L. arabinosus _ 
cells, - els per Leuco- Lacto- 
tube S. fae- nostoc \L.mesen-' L. citro- | L. citro- | bacillus | L. lyco- | L.dex- | L. dex- 
calis R | dextran- | teroides vorum vorum | lycoper- | persictt tranicum tranicum 
(8043) scum (8293) (797) (7013) stctt (4005) (8359) (8358) 
8086) | (4005) 
¥ | | | | 
60 3.97 | 8.12 | 7.50 | 7.80 | 7.80 | 10.60 7.70 | 8.73 | 7.57 
120 4.02 | 8.07 | 8.34 8.83 8.20 | 9.95 | 7.84 | 8.00 | 7.84 
180 4.43 | 8.16 | 8.70 | 9.04 8.96 8.60 | 7.70 | 8.00 | 7.24 
240 4.25 | 8.20 | 8.98 | 9.17 | 9.94 | 8.56| 8.00 | 6.73 | 6.83 
300 | 4.50 | | | | 8.27 | 7.50 | 6.83 | 4.40§ 
| | | | Pes eres 
Average....| 4.23 | 8.14 | 8.38 | 8.71 | 8.72 | 9.20| 7.75 | 7.66 | 7.37 











* The cells were those referred to under the symbol, Oz, given in a foot-note of a 
previous paper ((3) p. 75). 
t, f, § See the foot-notes to Table III. 
SUMMARY 


It has been found that d(—)-glutamic acid has no activity for Strepto- 
coccus faecalis R (8043) and Leuconostoc citrovorum (8082), and that it has 
activity equivalent to l(+)-glutamic acid for seven organisms. d(—)- 
Glutamic acid has variable, partial activity for eleven organisms. It has 
been shown that d(—)- and l(+)-glutamic acid can be determined with 
reasonable accuracy in an amino acid test mixture containing about a 3:1 
ratio of 1(+)- to d(—)-glutamic acid. It is concluded from the assay data 
that casein yields little, if any, d(—)-glutamic acid, and that Lactobacillus 
arabinosus cells yield about 4 per cent each of l(+)- and d(—)-glutamic 
acid. 
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THE DETERMINATION OF GLYCINE IN PROTEIN 
HYDROLYSATES WITH LEUCONOSTOC 
MESENTEROIDES P-60* 


By 8. SHANKMAN, MERRILL N. CAMIEN, ano MAX 8. DUNN 
(From the Chemical Laboratory, University of California, Los Angeles) 
(Received for publication, September 4, 1946) 


The determination of glycine in protein hydrolysates with Leuconostoc 
mesenteroides P-60 is described in this communication. Although glycine 
has been reported to be essential, or accessory, to the growth of Strepto- 
coccus faecalis (S. lactis R) (2), Lactobacillus brevis (3), Lactobacillus pento- 
aceticus (3), Leuconostoc citrovorum (3), and Leuconostoc mesenteroides 
P-60 (3, 4), it has been determined microbiologically only with the last 
organism! (5). 


EXPERIMENTAL 


The assay techniques employed were essentially the same as those 
described previously (6). The protein hydrolysates, the inoculum sus- 
pensions and solutions of the basal media, amino acid test mixtures, the 
standard amino acid, and sodium chloride were delivered to 4 inch test- 
tubes with the aid of an automatic pipette (Baltimore Biological Company). 
The final volume was 2 ml. per tube. The solutions of all of the materials, 
except the basal media, were adjusted to the same concentration of sodium 
chloride to compensate for any stimulatory or inhibitory effects. The 
standard was run at fifteen levels (0 to 28 y), the amino acid test mixtures 
and the protein hydrolysates were run at five levels, and five to six replicate 
tubes were employed at each level of sample and standard. The com- 
position of the basal medium was the same as that given as Medium D, 
Table I, in Paper XVIII (4), except that glycine was omitted and the 
concentration of total amino acids was twice that stated in Table I, Paper 
XVIII. Glycine was added to the basal medium to overcome an induction 
period which extended from 0 to about 77 of glycine. Usually 3 y of 
glycine per ml. of final solution per tube were added. It was found from 


* Paper 33. For Paper 32 see Dunn et al. (1). This work has been aided by 
grants from the American Home Products Company, Merck and Company, Inc., 
the Nutrition Foundation, Inc., Standard Brands Incorporated, and the University 
of California. The authors are indebted to Miss Harriette Block for assistance. 

The Leuconostoc mesenteroides P-60 employed is American Type Culture Collection 
No. 8042. 

1 In 8-lactoglobulin by an unpublished method. 
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experiments with multiple levels of total amino acids (1.3, 2.0, 2.7, and 
3.3 times the quantities given in Medium D, Table I, Paper XVIII) and 
varying concentrations of glycine (10, 20, 30, and 40 y per 2 ml. of final 


TaBLe I 
Assay of Glycine in Amino Acid Test Mixture 1* (Glycine Content 1.49 Per Cent) 














oo ae Titration volumet Glycine found Glycine recovered 
tg ae) £ a: . wet 
284.8 4.23 3.50 3.92 92.7 
569.6 8.46 4.97 7.95 94.0 
! 854.4 12.70 6.32 12.70 100.0 
1139 16.93 7.52 17.40 102.8 
1424 21.16 8.08 20 .80 | 98.3 
UI isc sncciericsviccosessaieevsavesaavececss SUE ee | 97.5 











* The composition of the test mixture, except for the j incre: asod aly cine content, 
is shown in Table IV of Paper XVII (7). 

t The contents of six replicate tubes at each level of sample were mixed and ti- 
trated with 0.124 nN NaOH. The preferred conditions (see the ‘‘Discussion’’) were 
employed. 

¢ The recoveries in analogous experiments from a test mixture containing 0.866 
per cent glycine were 103 and 104 per cent and from one containing 0.292 per cent 
glycine were 112 and 108 per cent. 


Taste II 
Assay of Glycine in Amino Acid Test Mixture 2 * (Glycine Content 1.075 Per Cent) 














: ° ° ° ~ ° | 
eae “a ee Titration volumet a | Glycine recovered 

Y = 7 | i a | ma ~ -|~ per cent 

372 4.00 3.43 | 3.70 92.5 

744 8.00 4.90 7.75 96.9 

1116 12.00 6.28 12.60 | 105.0 

1488 16.00 7.40 16.80 105.0 

1860 | 20 .00 8.20 21.55 107.8 

a. eer rp eee BI ere Rvs Gages hilev oak 7 101.4 


° The composition of the test mixture is that given in T able II of Paper XVIII (4). 

t The contents of six replicate tubes at each level of sample were mixed and ti- 
trated with 0.124 Nn NaOH. The preferred conditions (see the ‘“‘Discussion’’) were 
employed. 


: volume per tube) that acid production was nearly constant under these 


conditions. 
The experimental results are given in Tables I to IX. 
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DISCUSSION 


It has been found that glycine could be determined most accurately in 
samples containing widely varying concentrations of this amino acid under 
the following conditions: an inoculum of Leuconostoc mesenteroides P-60 





























TaBLe III 
Assay of Glycine in Amino Acid Test Mixture 3* (Glycine Content 27.96 Per Cent) 
ose ~ | a | Titration volumet | eg Glycine recovered 
ed it ie ses tie | 7 ml 7 7 3 per cent 
18.8 5 .26 2.88 4.85 92.2 
37.6 | 10.51 | 4.54 | 10.52 100.1 
56.4 15.77 5.65 15.70 99.5 
75.2 | 21.02 6.65 21.10 100.4 
94.0 26 .28 7.55 | 26 .84 102.1 
ee 5 cag id lace re nea erie uk ete ea ee a 98.9 








* The composition of the test mixture is given in Table III of Paper XIX (8). 

t The six replicate tubes were titrated separately with 0.027 n NaOH. The 
average of each set of six titration values is givenin Table III. The basal medium 
was Medium D given in Table I of Paper XVIII (4), except that the level of total 
amino acids was 1.33 times that stated. The incubation time was 2 days. 


Tasie IV 
Assay of Glycine in Casein Hydrolysate* 

















Hydrolyzed casein | 
per tube (moisture- and Titration volumet Glycine found per tube Glycine in casein 
ash-free) | 
y ml. 7 per cent 

223 .7 3.45 4.16 1.86 

447.4 | 5.00 8.68 1.94 

671.0 | 6.38 13.30 1.98 

894.7 7.51 18.00 2.01 

1118 8.40 22 .00 1.97 

ere ee Pee wT eT 1.95 











* The preferred conditions (see the ‘‘ Discussion’’) were employed. 
t The contents of six replicate tubes at each level of sample were mixed and ti- 
trated with 0.124 n NaOH. 


diluted with a volume of sterile saline from 3 to 9 times that of the medium 
from which it was centrifuged, a basal medium containing 3 y of glycine 
per ml. of final solution, and total amino acids at twice the level employed 
previously for the determination of lysine (8) and histidine (10), and in- 
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cubation for 3 days at 35°. Under these conditions, the average mean 
deviation from the mean values (five levels of sample) averaged about 2 
per cent, the recoveries of glycine from amino acid test mixtures and pro- 


TABLE V 


Recovery of Glycine Added to Casein Hydrolysate* 








| <a" 
Hydrolyzed casein Glycine 
per tube (moisture- | ____ — " =a — 











and ash-free) In are per tubet Added per ube Sound per tube Resevesall 
sd Y | Y 7 | per a 

111.8 2.18 2.00 4.28 105 .0 

223 .7 4.35 4.00 8.32 99 .2 

335 .5 6.54 6.00 12.75 103.5 

447.4 8.71 8.00 15.20 81.1 

| 559.2 | 10.89 10.00 21.42 105.3 
ES eis a ote Rae ek tome cakes ok ieee stl 98.8 








* The sample was prepared to contain 10.0 y of glycine and 559.2 y of moisture- 
and ash-free casein per ml. Volumes from 0.20 to 1.00 ml. were taken for the assays. 
The preferred conditions (see the ‘‘ Discussion’) were employed. 

t Estimated on the basis of the 1.95 per cent of glycine in casein given in Table 
IV. 

t Calculated by the method given in Paper XXV (9). 


TaBLe VI 
Assay of Glycine in Silk Fibroin Hydrolysate* 








Hydrolyzed silk fibroin 














per tube (moisture- and Titration volumet Glycine found per tube Glycine in silk fibroin 

ash-free) | 

. | -_ fy ~ | om = 

11.64 3.82 | 5.20 | 44.6 

23 .28 5.53 10.40 44.6 

34.92 7.08 | 15.95 | 45.7 

46.56 8.30 | 21.42 | 46.0 

58.21 9.05 25 .50 43.8 
PE ida cstacdedenak den eee pos Lddebveteveheasenseneen nt 44.9 





* The preferred conditions (see the ‘‘Discussion’’) were employed. 
t The contents of six replicate tubes at each level of sample were mixed and ti- 
trated with 0.120 n NaOH. 


tein hydrolysates were approximately 100 per cent, and the assay values 
for glycine in casein and for glycine in silk fibroin agreed closely. Rep- 
resentative assays under these conditions are given for glycine in three 
amino acid test mixtures (Tables I to III), glycine in hydrolyzed casein 
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TaBie VII 
Recovery of Glycine Added to Silk Fibroin Hydrolysate* 





Hydrolyzed silk | ‘ 
fibroin per tube In silk fibroin | Added per tube Found per tube 

















| 
(moisture- and per tubet Recovered$ 
ash-free) | | | | 
y | ¥ Y Y per cent 
5.82 | 2.61 2.00 4.60 99.5 
11.64 5.23 4.00 9 .24 100 .2 
17 .46 7.84 6.00 14.06 103 .7 
23.28 10.45 8.00 18.28 97.9 
29 .10 13 .06 10.00 22.16 91.0 
TE ree dy ean Maks edge ela eee iain 98 .5 





* The sample was prepared to contain 10.0 y of glycine and 29.10 y of moisture- 
and ash-free silk fibroin per ml. Volumes from 0.20 to 1.00 ml. were taken for the 
assays. The preferred conditions (see the ‘‘Discussion’’) were employed. 

t Estimated on the basis of the 44.9 per cent of glycine in silk fibroin given in 
Table VI. 

t Calculated by the method given in Paper XXV (9). 


Taste VIII 
Summary of Recovery Data for Glycine from Amino Acid Test Miztures* 





Amino acid Test Mixture No. 





1 2 3 








per cent per cent per cent 


Preferred conditionst A.v.t 3.6 5.0 3.9 

Range§ | 97 .5-101.7 99 .9-103 .2 104.6 

Mean|| {100.2 + 1.8 (3)|102.0 + 1.1 (5) |104.6 + 3.9 (1) 
All other conditions 4 A.D. 4.4 2.8 1.7 

Range | 90-128 87-112 98 .6-104 .2 
Mean /|113 + 9 (25) 102.4 + 3.2 (23)/100.8 + 1.8 (9) 

















* See Tables I to III for the composition of test mixtures. 

t See the ‘‘Discussion.”’ 

t Average mean deviation from the mean of the values at the five levels of the 
sample. 


§ Range of all assay values. 
|| Mean assay value + its mean deviation from the mean. The figures in the 


parentheses denote the number of assays. 

§ The concentrations of amino acids varied from 1.33 to 3.33 times that employed 
under the preferred conditions; the incubation times varied from 2 to 6 days and the 
dilution of the inoculum suspension varied from 1:3 to 1:81. 


with and without added glycine (Tables IV and V), and glycine in hydro- 
lyzed silk fibroin with and without added glycine (Tables VI and VII). 
The results of the assays of glycine in the three amino acid test mixtures 
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under all of the experimental conditions employed are summarized in 
Table VIII and the results of the assays of casein and silk fibroin for glycine 
are given in Table IX. 

It appears significant, however, that the accuracy with which glycine 
could be recovered from amino acid test mixtures decreased markedly as the 
glycine decreased from 1.486 to 0.292 per cent (see Table I). Analogous 
results were obtained previously in the assay of phenylalanine (6). That 
the accuracy with which glycine (or other amino acids) may be determined 
microbiologically in a protein hydrolysate is a function of its concentration 
is further indicated by the observation that the recovery of glycine under 
all of the experimental conditions approached the theoretical amount only 
from the amino acid test mixture (No. 3) in which glycine was present in 














| TaBLe IX 
Summary of Protein Assay and Recovery Data 
Glycine in casein* Glycine in silk fibroint 
Found | Recov ered - Found Recovered 
per cent per cent per cent per cent 
/ | 
7 Preferred conditions | A.p. 3.7 3.6 3.0 | 2.9 
| Range | 1.82-1.95 98 .4-102.6 | 42.8-45.0 | 94.7-105.6 
| Mean | 1.90 100.1 | 43.6 | 99.5 
+ 0.04 (3) | + 1.6 (3) + 1.0 (3) | + 4.1 (3) 
All other conditions | a.p. 3.9 | 3.0 |} 1.5 | 3.0 
tange | 1.58-2.12 | 91-108 41.9-44.5 | 95.1-105.7 
Mean | 1.93 102.4 43.4 101.0 


|} + 0.11 (23) | + 3.1 (23) + 0.9 (8) | + 3.2 (8) 


* Corrected for the 6.21 per cent moisture and the 0.55 per cent ash in the prepara- 
tion described in Paper XVII (7). 

t Corrected for the 5.68 per cent moisture and the 0.25 per cent ash in the prepara- 
tion described in Paper XVII (7). 


relatively high concentration (28 per cent). The value of amino acid 
test mixture experiments in assessing the dependability of an analytical 
procedure, first established by Osborne and Jones (11) in 1910, has been 
emphasized recently by Martin and Synge (12). 

It is of interest that an induction period extending up to about 7 y of 
glycine for Leuconostoc mesenteroides P-60 under the stated experimental 
conditions could be overcome satisfactorily for assay purposes by the 
addition of 3 y of glycine per ml. of final solution. The same phenomenon 
has been observed for Lactobacillus arabinosus 17-5 and some other organ- 
isms at low levels of glutamic acid (13-15), and Lyman et al. (14) utilized 
a basal medium for the assay of glutamic acid to which was added the 
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equivalent of 0.25 mg. of glutamine per tube. It has been proposed that 
glutamine rather than glutamic acid is the active metabolite for Lacto- 
bacillus arabinosus (14, 15) and some other organisms, but it does not seem 
probable that induction occurred in the present experiments because of the 
slow synthesis of some unknown substance possessing higher activity for 
Leuconostoc mesenteroides than glycine. A plausible explanation would 
appear to be that another structurally similar amino acid such as alanine 
exerted a depressive action at low levels of glycine. Lewis and Olcott 
(13) have found that aspartic acid was more effective than any other amino 
acid tested in depressing acid production by Lactobacillus arabinosus on 
a basal medium containing glutamic acid-free casein hydrolysate. These 
authors found, also, that glutamic acid activity was depressed significantly 
by arginine. The induction periods which have been noted in this lab- 
oratory for valine (Leuconostoc mesenteroides), phenylalanine (Lactobacillus 
fermenti), and serine (Lactobacillus casei) may be due to specific antagonism 
by leucine, tyrosine, and threonine, respectively. 


Glycine in Casein 

It has been found by assay with Leuconostoc mesenteroides P-60 under the 
preferred conditions that casein, corrected for moisture and ash, contained 
1.90 (1.82 to 1.95, range of three assays) per cent of glycine. The average 
value, 1.93 (1.58 to 2.12, range of twenty-three assays) per cent, was ob- 
tained under all other conditions. 

Martin and Synge (12) have stated that “the least satisfactory aspects 
of quantitative amino acid analysis seem at present to be (7) the deter- 
mination of glycine and hydroxyproline; (77) the differentiation of leucine 
and isoleucine.” Only traces of glycine have been found in casein (16-19) 
by Fischer’s ester method. Although Fischer (18) recovered 78 per cent of 
the 5 gm. of glycine added to 25 gm. of hydrolyzed casein, it seems un- 
likely that as high a percentage of the relatively small amount of glycine 
present normally in casein could be isolated by the ester procedure. 40 
to 80 per cent of eleven amino acids in a test mixture was recovered by 
Osborne and Jones (11) in a study of the ester method but glycine was not 
investigated. 

Values ranging from 0.4 to 1.0 per cent of glycine in casein have been 
reported by workers (20-23) who employed an o-phthalic dialdehyde colori- 
metric procedure (21, 24, 25). Since histidine (26), as well as tryptophane, 
cystine, arginine, alanine, asparagine, and ammonium salts (25), gives 
colored products with this reagent, it seems unlikely that quantitative 
results would be readily obtainable by this method. It may be significant 
that the 22.2 per cent of glycine obtained (21) for gelatin by this colori- 
metric procedure was considerably lower than the values (25.5 to 27 per 
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cent) found by the solubility product (26) and the trioxalatochromiate 
(27) methods. !t is also of interest that no glycine could be detected in 
gramicidin (28) by the Patton colorimetric procedure, while two residues 
of glycine per thirty residues of total amino acids were found by means of 
the flowing chromatogram (29). 

About 0.5 per cent of glycine has been isolated from casein as the picrate 
(30), 0.3 per cent (31) as the nitranilate, and 3.6 per cent (32) as the ni- 
tranilate. The last value may be high, since the purity of the glycine 
nitranilate isolated from casein was not established. The product may 
have been contaminated with the nitranilates of some other amino acids 
since Stein, quoted by Block (33), has stated that high values were obtained 
by Town’s method probably because of the partial precipitation of the 
basic amino acids along with glycine. It is of interest that a method for 
the determination of histidine as the nitranilate has been described by 


Block (33, 34). 
Glycine in Silk Fibroin 


It has been found that silk fibroin, corrected for moisture and ash, con- 
tained 43.6 (42.8 to 45.0 range of three assays) per cent determined under 
the preferred conditions and 43.4 (41.9 to 44.5, range of eight assays) 
determined under all other conditions. It seems probable that the average 
value, 43.6 per cent, is approximately correct, since it is in close agreement 
with the average value, 43.8 (43.3 to 44.4, range of three determinations) 
per cent, determined by the 5-nitronaphthalene-l-sulfonate (35) method 
and the average value, 43.8 (43.5 to 44.1, range of three determinations) 
per cent, determined by the trioxalatochromiate procedure (36). Boyd 
(37) reported that silk fibroin contained 42 per cent of glycine, determined 
gravimetrically as its hydantoin, while values ranging from 9.8 to 40.5 per 
cent have been found (38-57) by Fischer’s ester method. 


SUMMARY 


A microbiological method has been described for the determination of 
glycine in protein hydrolysates with Leuconostoc mesenteroides P-60. The 
preferred assay conditions were considered to be 3 days incubation at 35° 
and a basal medium of the composition reported previously (4), except that 
the concentration of total amino acids was twice that given and 3 y of gly- 
cine were added per ml. of final volume. 

It was concluded that the probable true value for glycine in casein is 
1.9 + 0.1 per cent and in silk fibroin 43.6 + 1.0 per cent. The value for 
casein is somewhat higher than any other reported in the literature (ex- 
cept that found by Town (32)), but that for silk fibroin is in close agree- 
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ment with the most reliable values which have been obtained by other 
workers. 


to 
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KIDNEY PHOSPHATASE IN ALIMENTARY HYPERGLYCEMIA 
AND PHLORHIZIN GLYCOSURIA. A DYNAMIC MECHA- 
NISM FOR RENAL THRESHOLD FOR GLUCOSE 


By JULIAN B. MARSH ann DAVID L. DRABKIN 
Wirh THE CoLLABORATION OF WILLIAM B. Gopparp 


(From the Departments of Physiological Chemistry, School of Medicine and the 
Graduate School of Medicine, University of Pennsylvania, Philadelphia) 


PLATE 1 
(Received for publication, September 27, 1946) 


Glucose, which appears in the glomerular filtrate at all levels of blood 
sugar, is reabsorbed mainly in the proximal convoluted tubules of the 
kidney. This has been established by Walker and Hudson (1) by means of 
micro dissection and microanalytical techniques. Under usual physio- 
logical conditions, the reabsorption of the sugar is complete. The renal 
threshold for glucose may hence be defined as that level of blood glucose 
beyond which complete tubular reabsorption no longer occurs. Involve- 
ment of the phosphorylation process in the mechanism of reabsorption of 
glucose was postulated by Lundsgaard and his colleagues (2, 3) in the 
explanation of phlorhizin glycosuria. Beck (4) studied the effect of 
phlorhizin on phosphorylation and dephosphorylation, and partially 
confirmed Lundsgaard’s views, although Beck’s positive findings with 
reference to dephosphorylation were limited to acid phosphatase. It is 
of interest that histochemical staining techniques (5, 6) suggest that the 
proximal tubules are one of the preferential sites of high concentration of 
the kidney phosphatase. Recent reviewers (7, 8), on the other hand, 
have regarded the evidence for the réle of phosphatase in tubular glucose 
reabsorption and particularly the inhibition of kidney phosphatase by 
phlorhizin as entirely inadequate. It should be pointed out that the work 
of Lundsgaard and his colleagues (2, 3) and Beck (4) has been confined to 
experiments in vitro. As far as we know, a demonstration of the relation 
of phosphorylation-dephosphorylation in glucose reabsorption in kidney 
tubules has not been demonstrated in vivo.! 

One of the difficulties in earlier work is the confusion which has resulted 
from a lack of distinction between phosphorylation and dephosphoryla- 
tion. It is now recognized that, under the conditions existing in tissues, 
the position of equilibrium is such that the catalysis by phosphatase is 
essentially non-reversible. Phosphatase catalyzes only the dephosphoryla- 


! Personal communication to one of us (D. L. D.) from E. Lundsgaard. 
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tion of certain phosphate esters. The phosphorylation process js 
biologically under the control of separate, complex enzyme systems involy- 
ing hexokinase and adenosine triphosphate (ATP). It should be under- 
stood, therefore, that studies of phosphatase are directed mainly towards 
the dephosphorylation reaction. However, as will be seen later, in biologi- 
cal systems the separation of the dephosphorylation and phosphorylation 
process may be difficult. In the present investigation of the possible réle 
of phosphorylation-dephosphorylation in the renal threshold for glucose, 
attention has been directed to a study of phosphatase activity in two 
conditions: induced alimentary hyperglycemia with glycosuria and phlorhi- 
zin glycosuria. The study of the hyperglycemic state was undertaken, 
since it may be regarded as more physiological than phlorhizin poisoning. 
It was postulated that in acute hyperglycemia the tubular cells would 
be working at a maximum to reabsorb glucose, and, therefore, involvement 
of the phosphatase mechanism might be susceptible of demonstration. 
An improved method for the quantitative preparation of phosphatase 
extracts of kidney has been developed. It has been discovered from such 
extracts that hyperglycemia induces a significant increase in the level of 
both acid and alkaline phosphatase activity. This unexpected and 
interesting phenomenon received confirmatory evidence for its existence by 
a semiquantitative application of Gomori’s histochemical staining tech- 
nique (5). Moreover, it has been clearly demonstrated that the addition 
of phlorhizin inhibits markedly both the acid and alkaline phosphatase 
activity of the kidney extracts, and that the phosphatase activity of 
phlorhizinized rat kidneys is diminished. As an aid in interpretation, 
data have also been gathered on certain aspects of the phosphorylation 
process in kidney. 


Methods 


Extraction of Phosphatase—Albino rats of both sexes, 200 to 500 gm. 
in weight, fasted for 24 hours, were used. The kidneys were secured by 
unilateral or bilateral nephrectomy, rapidly performed under moderate 
ether anesthesia. After as much connective tissue as possible was quickly 
removed, and the excess blood blotted with filter paper, the kidney was 
frozen with liquid air and ground to a powder in a mortar. This is essenti- 
ally the procedure of Perlmann and Ferry (9). In preliminary studies of 
extraction procedures we have found that homogenization of the above 
powder results in higher phosphatase activity (appreciably higher than 
that reported for kidney by Beck (4)). An additional step was accordingly 
introduced: 0.2 to 0.3 gm. of the powder, representing approximately one- 
fifth of the original rat kidney, was transferred to a weighed test-tube 
homogenizer of the Potter-Elvehjem type (10). The tube was reweighed, 
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10 ml. of 0.5 m NaCl added, and the material homogenized for 2 minutes 
at room temperature. In the experiments involving phlorhizin greater 
concentration was required, and hence approximately 0.5 gm. of kidney 
powder was homogenized with 1.5 ml. of 0.5 m NaCl. 

Determination of Phosphatase Activity—Except in the phlorhizin experi- 
ments, 1 ml. of the homogenate was added to 9 ml. of a buffered sodium 
8-glycerophosphate solution, prepared according to Shinowara, Jones, and 
Reinhart (11), and previously adjusted to 37.5°. In the experiments with 
phlorhizin, acid phosphatase activity was measured with 0.5 ml. of the 
concentrated homogenate and 1.0 ml. of the buffered substrate (Shinowara 
et al.), pH 4.9 to 5.1, while the determination of alkaline phosphatase 
required special conditions. 0.5 ml. of the concentrated homogenate was 
added to 1.0 ml. of a solution containing 5.0 gm. of sodium 6-glycerophos- 
phate and 4.24 gm. of sodium diethyl barbiturate per 100 ml. The mixture 
was then adjusted to pH 9.2 by addition of 0.5 N acetic acid. 

The mixture of kidney extract and buffered substrate was incubated in 
a water thermostat for 1 hour at 37.5°. 5 ml. of 10 per cent trichloroacetic 
acid were then added to inactivate the enzyme. In each determination of 
phosphatase activity, aliquots, in which the enzyme was irfactivated by 
addition of trichloroacetic acid at the start of incubation, were used as 
controls to correct for the inorganic phosphate originally present in extract 
and substrate. Both the experimental and control solutions were filtered 
after inactivation. The inorganic phosphate present in an aliquot (usually 
2 ml.) of each filtrate was determined by the method of Fiske and Sub- 
barow (12), with a Klett-Summerson (13) photoelectric photometer with 
the red (A 660 my) filter. The pH of the buffered sodium 8-glycerophos- 
phate solutions was checked by a glass electrode. Blood sugar was deter- 
mined by the micromethod of Folin and Malmros (14), also by means of 
the photoelectric photometer but with the green (A 540 my) filter. 

Determination of Adenosine Triphosphate—0.5 to 1.0 gm. of powdered 
frozen kidney tissue was added to 7 ml. of 7 per cent trichloroacetic acid 
in a tared centrifuge tube at 0°, according to the procedure of Kaplan and 
Greenberg (15). The 7 minute-hydrolyzable phosphate was determined 
directly on the trichloroacetic acid filtrate made up to a volume of 25 ml. 

Determination of Aerobic Phosphorylation—The method used was essen- 
tially that of Colowick, Welch, and Cori (16). Both oxygen consumption 
by Warburg’s direct manometric technique (17) and decrease in inorganic 
phosphate were measured. The kidneys were removed from decapitated 
rats and immediately placed on cracked ice, weighed, and transferred to a 
homogenizer tube kept in ice. Sufficient 0.05 m phosphate buffer of pH 
7.5 was added to make the concentration approximately 180 mg. of tissue 
per 1 ml. of homogenate. The material was homogenized for 1 minute. 
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1 ml. aliquots of this homogenate were then added to the Warburg vessels 
containing 1 ml. of substrate and 0.2 ml. of 2 nN NaOH in the center well, 
The compesition of the substrate per ml. was glucose 10 mg., NaF 3 mg., 
magnesium citrate 0.2 mg., and /(+ )-glutamie acid 4 mg., adjusted to pH 
8.0 with | n NaOH. The vessels were gassed with 100 per cent oxygen 
for 2 minutes, and equilibrated at 38.3° for 8 minutes. Oxygen consump- 
tion was then measured for the next 10 minutes. After 30 minutes, the 
vessels were disconnected from the manometers and 2 ml. of 7 per cent 
trichloroacetic acid were added. ‘The contents were transferred to 100 ml. 
volumetric flasks, brought to volume, and filtered. The inorganic phos- 
phate was determined on aliquots of the filtrate. At the start of the 
incubation period trichloroacetic acid was added to one of the vessels, the 
filtrate of which was used for the measurement of the inorganic phosphate 
originally present in homogenate and substrate. 


EXPERIMENTAL 


The data collected in Tables I and II indicate that alimentary hyper- 
glycemia was accompanied by a statistically significant (18) increase in the 
acid and alkaline phosphatase activities of rat kidney homogenates. The 
increase amounted to 55 per cent for the acid and 70 per cent for the 
alkaline phosphatase. That this rise was not accounted for by dehydra- 
tion of the kidney tissue as a consequence of the administration of hyper- 
tonic glucose to a fasted animal was evident from the constancy of the wet 
weight-dry weight ratios. 

As an independent check on these results, kidney sections from a fasted 
and from a hyperglycemic rat were stained for acid phosphatase by the 
Gomori technique (5). By limiting the incubation period to only 7 hours 
at 37.5°, it was possible to make a semiquantitative demonstration by this 
method. In Fig. 1, A, the tissue from the fasted rat showed only very 
slight staining for “phosphatase activity,’’ whereas in Fig. 1, B, the kidney 
section from the hyperglycemic animal was stained very heavily. 

In Table III we present data showing that phlorhizin added in vitro was 
capable of inhibiting markedly both acid and alkaline phosphatase activity 
of rat kidney extracts. The magnitude of the inhibition depended on the 
phlorhizin concentration. In contrast with the findings of Beck (4), in our 
experiments the effect was more pronounced in the pH range of alkaline 
phosphatase. 

Evidence that the inhibitory effect of phlorhizin on kidney phosphatase 
activity can also be demonstrated in vivo is furnished in Table IV. We 


could not demonstrate the effect of the drug when we measured the activity 
of the dilute kidney homogenates from phlorhizinized rats. 
ful demonstration, the concentrated homogenates previously described, 
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TaBie I 
Acid Phosphatase Activity, at pH 4.9 to 5.1, per Gm., Wet Weight, of Kidney Tissue in 
24 Hour-Fasted and Hyperglycemic Rats 





Glucose | Time of Blood Ratio, wet to dry Phosphatase 




















Rat No. State dosage* | analysist sugar | weight activity 
gm. hrs. "00 par me. P per hr. 
1 Fasted 4.4 
2 ” | | 6.1 
3 - 4.2 
-; * | | | | 3.98 4.2 
_ * 4.6 
6 | 6.4 
7 5.5 
8 | 95 | 3.5 
16§ ; 4.6 
17§ : 6.5 
18§ 4.5 
19§ 3.5 
20 6.8 
21 ‘ 6.1 
22 os | 6.8 
a | ss 9.1 
24 | 7.1 
25 | | | 3.6 
27 a | | 79 | 3.8 
28 71 4.1 
29 ‘ 130 | 4.36 | 5.9 
30 | 95 | 3.62 | 5.3 
Ss | « | 4.60 | 
a7 | | | | | 4.7; | 
9 Hyperglycemic | 3.0 1.00 | 8.0 
10 “ | 3.0 | 2.50 | | | 7.3 
ul se 3.0 | 2.25 | | | 6.3 
12 ee 3.0 | 1.75 | 9.4 
13 ' 3.0 | 2.25 | 7.0 
14 3.0 | 4.00 | | 7.3 
15 3.0 | 2.00 | 160 | 11.6 
16§ | 3.0 | 2.00 | | 5.4 
17§ ‘ | 3.0 | 2.00 | 3.21 | 
18§ ee | 3.0 | 2.00 | | | 6.7 
19§ % 3.0 | 2.00 | 6.3 
26 a | 1.0 | 1.00 | 11.2 
31 “ | 1.0 | 1.00 | 155 | 7.1 
32 | 1.3 | 1.80 | 197 | | 7.6 
33 " 1.0 | 1.50 | 236 | | 8.8 
34 1.0 | 3.50 | 11.9 
46 1.0 | 1.50 223 | 3.97 | 10.4 
47 3.0 2.00 | 4.18 
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TaBLe I—Concluded 


a 


: Bie Glucose Ti f Blood Ratio, wet to d Phosphat 
Rat No. State p mere onalpelat cane . pes Fy ™ activity 
gm hrs 0) Lf mg. P per kr. 
48 Hyperglycemic 1.0 1.00 4.29 
49 - 1.0 1.00 4.57 
61 ” 1.0 | 2.00 4.38 
62 ee 1.0 2.00 4.35 
63 ee 1.0 | 1.75 1.87 
64 CO 2 1.0 2.00 4.27 
| 
Fasted, mean + s.E.|| $.26 + 0.20 5.30 + 0.31 
Hyperglycemic, mean + s.£.|! 4.23 + 0.16 8.21 + 0.48 


* Total amount of glucose, administered by stomach tube to fasted animals in a 
50 per cent solution, 2 ml. per hour, usually for 3 hours. 

t Interval of time between the last dose of glucose and nephrectomy. 

t Expressed as mg. of P liberated in 1 hour from sodium 8-glycerophosphate at 
37.5°. This is equivalent to Bodansky units (19). 

§ In Rats 16 to 19 unilateral nephrectomy was performed to obtain the values in 
the fasting state, while the analyses after hyperglycemia were carried out 2 weeks 
later on the remaining hypertrophied kidney. 

|| Standard error = ++/2d?/n(n—1). The value of ¢ (Fisher (18)) for the differ- 
ence between the means of fasted and hyperglycemic rats is 5.27 with a probability, 
P, of less than 0.01 that this difference may be attributable to chance. 





in which the concentration of phlorhizin in the final extract was about 
one-fourth its concentration in the original kidney tissue, were studied. 
While values for phosphatase activity on such concentrated homogenates 
were relatively low (compare the values in Table IV with those in Tables 
I to III), nevertheless they were reproducible and justified comparison of 
values before and after phlorhizin. Both acid and alkaline phosphatase 
activities were definitely lower in the phlorhizinized animals than in the 
normal controls. Experiments were performed which suggest that the 
inability to detect the action of phlorhizin in the dilute homogenates may be 
attributable to the dilution of the drug (and this factor may explain some of 
the discordant results in the literature). When aliquots of the concentrated 
homogenates from the phlorhizinized animals were diluted 10-fold, they 
then yielded essentially normal values for phosphatase activity (for 
example, in Rat 40, Table IV, upon dilution of the homogenate the activ- 
ities of the acid and alkaline phosphatase became, respectively, 5.6 and 45 
mg. of P per hour). Furthermore, the inhibitory effect of phlorhizin on 
phosphatase could be removed by dialyzing homogenates to which the 
drug had been added against 0.5 m NaCl. (In one experiment, the activi- 
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ties before and after dialysis were, respectively, 5.3 and 6.3 mg. of P per 
hour for the acid and 17.6 and 20.5 mg. of P per hour for the alkaline 
phosphatase.) The increase in kidney phosphatase activity, observed 
in normal animals rendered hyperglycemic, was also found in phlorhizinized 


TABLE II 


Alkaline Phosphatase Activity, at pH 9.2 and 8.3, per Gm., Wet Weight, of Kidney 














Rat No. | State Glucose | Timeofanal-| 5, -—|_—_- Phosphatase 
gm. hrs. | mg. P per hr. 
20 Fasted 9.2 51 
21 ” 9.2 | 37 
22 “ | | 9.2 | 46 
23 CO a | 9.2 | 6&4 
24 ee 9.2 55 
25 9.2 46 
26 Hyperglycemic 1.0 1.00 9.2 100 
34 Ci a 1.0 3.50 9.2 | 7% 
106 1.0 1.00 | 92 | 8 
107 | oe 1.0 1.00 | 9.2 77 
94 | Fasted | @8 | @ 
95 | “ | 83 | 18 
96 m" | | "22° Foe 
97 “ | 8.3 15 
98 “ | : ef he 
99 “ | 83 | @ 
100 | * | 8.3 20 
101 Hyperglycemic 1.0 1.50 | 8.3 32 
102. | “ a | 6 TlCOe 8) Se 
103 ” 1.0 1.00 8.3 39 
104 “ | go | S40) 7 ma 10 
105 - | 1.3 1.50 | 83 | 
Fasted, mean + S.E.f........ ; 9.2 48.1 + 2.7 
8.3 22.4 +4 1.7 
Hyperglycemic, mean + s.£.f.... 9.2 85.0 + 5.6 
8.3 


35.8 + 4.1 





* See foot-notes to Table I. 
+ The value of ¢ for the difference between the means at pH 9.2 of fasted and hy- 
perglycemic rats is 6.61, with P = less than 0.01; at pH 8.3 ¢ = 3.38, with P = 0.01. 


rats given glucose by stomach tube when the test was performed on the 
dilute homogenates. However, when the concentrated homogenates from 
phlorhizinized animals receiving glucose were tested, kidney phosphatase 
activity remained inhibited. 
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Taste III 
Phosphatase Activity of Rat Kidney Extracts, at pH 5.0 and 9.2, before and 
after Addition of Phlorhizin to Final Concentration of 0.01 and 0.001 


The results are expressed in mg. of P per hour. 


Original phosphatase activity Phosphatase activity after addition of phlorhizin 


























Rat No. 0.01 uw phlorhizin 0.001 u phlorhizin 
pHs.0 pH 9.2 | —__—_—— ——- -|- 
| | | pHS.O =6©| =pH92 | pHso | pH9.2 
“u 06| 8.9 | s | 63 | 40 | | 
42 | 6.0 | 2 } 40 | 1.5 | | 
43 3.8 } 2 ; 16 | 3.3 | 
44 5.0 24 3.4 | 11.5 
H | 41 | 1 34 | 4.2 
Mean.....| 5.56 | 28.4 | 3.97 2.93 | 3.40 | 7.85 
% inhibition of phosphatase’*. . 40 91 | 2 | 62 





* Corresponding values for phosphatase activity in the absence and presence of 
phlorhizin were used to calculate these average values for per cent inhibition. 


TABLE IV 


Acid and Alkaline Phosphatase Activity, at pH 5.0 and pH 9.2, of Kidneys from Normal 
and Phlorhizinized Rats 





Phosphatase activity 





Rat No. State a a 
pH 5.0 | pH 9.2 
| mg. P per hr. mg. P per hr. 

35 Normal (fed) | 0.62 8.7 

36 “ “ | 1.21 | 10.3 

37 = - 0.81 8.5 

4 . - | 1.50 | 

95 " = | 0.81 

38 |  Phlorhizinized* | 0.69 | 6.9 

39 | 0.29 | $3.4 

40 | | 0.75 | 6.1 
Normal, mean + s.E.f........... .eeeeee| 0.99 + 0.16 9.17 + 0.57 
Phlorhizinized, mean + s.k.f. 0.58 + 0.14 | 5.47 + 1.06 








* Phlorhizin in oil administered subcutaneously for 3 days. The dose was 140 
mg. per kilo per day. Urine D:N ratios of the phlorhizinized rats averaged 4.3:1. 
t In the case of the mean values for acid phosphatase, ¢ = 2.93 and P = less than 


0.02, while for the alkaline phosphatase means, ¢ = 2.78 and P = less than 0.05. 


The data in Table V suggest that the concentration of adenosine tri- 
phosphate does not play a determining réle in the phenomenon of renal 
threshold for glucose. There was no difference in the ATP content of 
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TABLE V 


69 


Adenosine Triphosphate Content per 100 Gm., Wet Weight, of Kidney Tissue in 24 
Hour-Fasted, Hyperglycemic (Given 1 Gm. of Glucose in 50 Per Cent 
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7.56 + 0.61 
7.50 + 0.83 
9.59 + 1.22 





* Interval of time between the dose of glucose and nephrectomy. 
t Expressed as mg. of P liberated per 100 gm., wet weight, of tissue by 7 minutes 

of hydrolysis in 1 Nn H.SO, at 100°. 
t See foot-notes to Table IV. 


kidneys from fasted and hyperglycemic rats, while ATP of kidney appeared 
to be slightly increased in the phlorhizinized rats. 


‘ 











TaBLe VI 


Phosphorylation and Oxygen Consumption in Kidney Homogenates from 24 


Hour-Fasted and Hyperglycemic Rats 























Rat No. State a Ban ado Phosphorylation} CO.§ 
gm. hrs. mg. P per 30 min aa 
77 | Fasted —5.0 3.0 
78 ” —2.1 5.9 
7 —1.5 4.5 
80 op |} —1.5 2.6 
81 “ | —1.8 2.3 
82 ~ —0.4 3.2 
83 = 0.0 5.4 
84 a —1.1 | 6.4 
85 = —0.4 5.1 
SO o —0.2 4.2 
S7 x | —0.7 3.0 
88 Hyperglycemic 1.75 1.25 | —2.0 2.7 
89 " 1.25 1.00 —1.0 | 3.6 
90 * 1.25 1.00 | aad | 3.5 
91 ee 1.00 1.00 | 3.1 | 4.3 
92 a 1.00 1.00 | 0.0 5.7 
Fasted, mean + Ss.E.). —1.34+ 0.42 | 4.144 0.45 
Hyperglycemic, mean + s.£.|).. 0.24+ 0.88 | 3.95 + 0.50 


* Total amount of glucose, administered by stomach tube in a 50 per cent solution. 
t Interval of time between the dose of glucose and nephrectomy. 
t Expressed as decrease (negative sign) of inorganic phosphate in mg. per gm., 
§ Oxygen consumption per wet weight of tissue. 
The value of ¢ for the difference in means for phosphorylation in the fasted and 
hyperglycemic rats is 3.02, with P = less than 0.01. 


TaB_e VII 


Phosphorylation and Oxygen Consumption in Rat Kidney Homogenates before and 
after Addition of Phosphatase 


Rat No. Phosphatase added* Phosphorylationt 00+ 
mg. me. P per 30 min. microliters per mg. per hr. 

86 0.0 —0.20 4.2 

2.0 0.55 2.3 

87 0.0 —0.70 3.0 

1.0 0.00 2.5 

93 0.0 —0.63 4.2 

1.0 —0.45 2.4 

2.0 —0.25 2.3 


*A solution containing 10 mg. of phosphatase powder (20) per ml. of 0.01 M 
NaOH was used. 1 mg. of this phosphatase preparation produced a 62 per cent in- 
crease in the alkaline phosphatase activity of the original homogenate. 

t See foot-notes to Table VI. 
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Under the conditions of our experiments (Table VI), the average de- 
crease of inorganic phosphate (as a measure of the phosphorylation process 
(16)) in fasted rat kidney homogenates was 1.3 mg. of P per gm. of tissue 
per 30 minutes, while in three out of five hyperglycemia experiments either 
no decrease or an increase in the inorganic phosphate was found. This 
finding could suggest that there was some inhibition of phosphorylation in 
the kidney homogenates from the hyperglycemic rats. The oxygen con- 
sumption of the kidney homogenates from the hyperglycemic animals 
was not appreciably lower than that from the fasted animals (Table VI). 

Since in hyperglycemia there was an increase in phosphatase activity 
(Tables I and II) which might be responsible for the above apparent 
decrease in phosphorylation, various unsuccessful attempts were made 
‘to inhibit specifically the phosphatase activity without simultaneous 
inhibition of the phosphorylation process. The effect of increasing the 
phosphatase activity by the addition to kidney homogenates from normal 
fasted rats of an active preparation of beef kidney phosphatase (20) was, 
therefore, studied. In such experiments, reported in Table VII, a marked 
inhibition of both phosphorylation and oxygen consumption was demon- 
strated following the addition of phosphatase. 


DISCUSSION 


In our experiments the phosphatase mechanism has been definitely 
implicated in the renal reabsorption of glucose. However, we have been 
unable to exclude the possibility that the phosphorylation process is also 
involved. It is indeed likely that a type of homeostasis may exist between 
phosphorylation and dephosphorylation. A separation of the two processes 
was not possible in our experiments which suggest that an increase in 
phosphatase activity may produce a relative inhibition of the phosphorylat- 
ing system. 

A consideration of our experimental results, which indicate that ali- 
mentary hyperglycemia induces an increase in kidney phosphatase activity, 
leads us to propose the following hypothesis. The renal threshold for 
glucose is at least in part an expression of the limit to which phosphatase 
activity can be raised. Beyond this limit, tubular reabsorption is incom- 
plete, and spillage of sugar into urine takes place. In this view, renal 
threshold for glucose (and probably for other threshold urinary con- 
stituents) becomes a dynamic function, under enzymic control. 

Our demonstration that phlorhizin inhibits phosphatase activity both 
in vitro and in vivo lends support to the above hypothesis of the réle of 
phosphatase in glycosuria. Our experiments with phlorhizin are consonant 
with Lundsgaard’s original concept (2) of the action of phlorhizin, and go 
materially beyond the findings of Beck (4) in this connection. We believe 
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that two factors are largely responsible for the present successful dem- 
onstration of the effect of phlorhizin on both acid and alkaline phos- 
phatase: (a) the preparation of more active extracts of kidney than those 
obtained by Beck (4), and (}) the use of concentrated kidney homogenates, 
Even in the case of the latter, in which phosphatase activities are relatively 
low, they are of similar or higher magnitude than those obtained by Beck. 

The hypothesis which has been proposed for the reabsorption of glucose 
from the glomerular filtrate is consonant with current views upon the 
homeostatic control of bleod and tissue sugar levels (21), and may thus 
have general applicability. Pertinent in this connection is the finding (22) 
that in glycogen disease the increased deposition of glycogen, accompanied 
by hypoglycemia, is associated with decreased alkaline phosphatase ac- 
tivity of the liver. Thus, when liver phosphatase activity is low, blood’ 
sugar cannot be produced in adequate amount, although glycogen is avail- 
able. In an analogous way, when kidney phosphatase activity is insuff- 
cient, an adequate transfer of glucose to blood from the glomerular filtrate 
is not possible. It is also of interest that Bodansky (19) has reported 
an increase in serum alkaline phosphatase activity after the administration 
of carbohydrate. 

The increase in phosphatase activity following induced hyperglycemia is 
of interest in itself. It is striking that in relatively brief periods of time 
such increases in enzyme activity could occur. At present no satisfactory 
explanation for this phenomenon is available. 


SUMMARY 


A modified method, by which active extracts are obtained, has been 
developed for the quantitative measurement of kidney phosphatase 
activity. 

The following findings have been made. 

1. Induced alimentary hyperglycemia was found to be accompanied by 
increased acid and alkaline kidney phosphatase activities. The increases 
were, respectively, 55 and 70 per cent. 

2. The inhibition of both acid and alkaline kidney phosphatase activities 
by phlorhizin has been demonstrated in vivo as well as in vitro. 0.01 M 
phlorhizin produced an inhibition of 40 per cent in acid and 91 per cent 
in alkaline phosphatase activity. 

3. The adenosine triphosphate content was of the same magnitude in the 
kidney tissue from fasted and hyperglycemic rats. 

4. An inhibitory effect upon phosphorylation and oxygen consumption, 
due to increased dephosphorylation, was demonstrated in experiments in 
which phosphatase activity was increased by means of the addition of a 
preparation of the enzyme to kidney homogenates. 
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The probable significance of the findings has been discussed with reference 
to the réle of phosphatase in the tubular reabsorption of glucose. It has 
been postulated that the phenomenon of renal threshold for glucose is 
at least in part an expression of the limit to which kidney phosphatase 
activity can be raised. 
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EXPLANATION OF PLATE 1 


Fic. 1. Kidney sections from fasted (A) and hyperglycemic (B) rats, stained by 
Gomori’s technique (5) for acid phosphatase activity; incubation period 7 hours at 
37.5°. XX 65. 








IMMUNOLOGICAL REACTIONS BETWEEN FILMS OF 
ANTIGEN AND ANTIBODY MOLECULES 
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The fundamental nature of the reactions between antigen and antibody 
molecules is far from being understood in spite of a tremendous amount 
of accumulated experimental data. A number of theories have been 
proposed on the basis of the available experimental evidence. Some of 
the facts, however, which were used in support of a given theory could as 
well have been used to justify a different point of view. 

The immunological theories proposed so far can roughly be classified 
into two main groups which, at first sight, would seem incompatible with 
each other. Bordet, a representative of the first group, maintained that 
antigen and antibody molecules combine in continuous proportions. More 
recent authors, who belong to the second group, assume that immuno- 
logical reactions are nothing more than ordinary chemical reactions, and 
that combinations, therefore, occur in definite multiple proportions. It 
will become apparent from the present immunological investigation that it 
seems difficult if not impossible to harmonize the presented facts with 
this latter point of view. 

The aim of this study was to investigate the conditions under which 
an antigen, when it is present as a monomolecular layer on a metal slide, 
will attach specifically homologous antibody molecules. It can be shown 
readily that a film of antigen deposited on a metal slide will adsorb a definite 
thickness of homologous antibody molecules when brought into contact 
with a solution of the latter (1). Thus a specific force of some kind is ° 
easily demonstrated. It was only logical to raise the question of just how 
far such a force would extend. The possible use of inert film barriers whose 
exact thickness could be measured readily appeared to offer a unique way of 
investigating this question. A most striking phenomenon was quickly 
brought to light. It was found that up to a certain thickness the inter- 
vening screen or barrier did not altogether suppress a specific interaction 
between antigenic films and antibody molecules. From these new facts 
it would appear that the old colloidal view of Bordet is justified in part for 
the interpretation of the mechanism of immunological reactions. The 
proponents of the chemical theories may have gone too far in the opposite 
direction, and it may turn out in the end that both view-points can be 
looked upon as limiting cases of a more general theory. 
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Procedure 


The experimental procedure consisted in spreading films of antigen 
at an air-water interphase and then transferring them on metal slides 
according to the method of Blodgett and Langmuir (2). When a solution 
of homologous antiserum was brought into immediate contact with the 
slide, the thickness of the adsorbed layer, measured after washing and 
drying, corresponded to the amount of antibody molecules immobilized 
on the antigenic films. The main object of this study was to investigate 
the effect on the immunological reaction of intervening barriers of inert 
material deposited on the antigenic films. 

Since all our deductions are based on measurements of thickness of films 
and adsorbed layers, the technique involved in this type of measurement 
will be first reviewed. 

Film thicknesses were determined optically. They were obtained by 
measuring the change that takes place in the ellipticity of polarized light 
reflected from a polished stainless steel slide after it had been coated with 
films under investigation. This was accomplished with the help of an 
apparatus recently described, called the ‘“ellipsometer” (3), a differential 
instrument based on the half shadow principle. The half shadow is 
obtained by covering a clean polished metal slide with one, two, or more 
reference films, and the lower half of the slide with two additional layers. 
The reference films used were either barium stearate or octadecylamine. 
Since the difference in thickness of the films covering the upper and lower 
halves of the slide is 49 A, the difference in ellipticity of the light reflected 
from these two half fields is such that both halves of the slide appear of 
unequal intensity when viewed through a quarter wave-length plate and 
analyzer properly oriented. The measurement consists in rotating the 
analyzer until both halves of the slide are matched. ‘This position of the 
analyzer gives the zero reading for the particular slide. All slides are 
covered with such an optical gage and the zero reading is taken before 
films of unknown thickness can be measured. These need to be deposited 
on the central part of the slide only, where the dividing line between the 
upper and the lower part is located. This added layer changes the ellip- 
ticity and orientation of the ellipses corresponding to both half fields, which 
then become unequal in intensity. Equal intensity can be restored by 
rotating the analyzer, whose angle of rotation is a measure of the thickness 
of the film. The technique is comparable to that used in polarimetry. 

For routine measurements calibration curves, as previously described (3), 
were found most useful. Increments in thickness are characterized by 
rotations in one direction and decrements by rotation in the oppesite 
direction. The sensitivity of the apparatus permits determination of an 
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optical thickness within +0.3 A. The absolute thickness depends on the 
knowledge of the refractive index of the films. Two indices are needed if 
the films are anisotropic. In all the measurements reported in this article 
the assumption was made that films and adsorbed layers have the same 
refractive index as barium stearate (n® = 1.495). The difference between 
the values of the refractive index of proteins and barium stearate is not 
large enough to introduce any serious error. In any case it would not 
affect the relative thickness of the layers upon which the present considera- 
tions are based. It might be said that for an angle of incidence of 69.2°, 
at which the measurements were made, and for the range of thicknesses 
considered, the added layers affect mainly the phase difference of the com- 
ponents OP vibrating in the plane of incidence and OS vibrating perpen- 
dicular to the plane of incidence (3) and to a lesser degree their relative 
magnitude. For a given angle of incidence the phase shift A is given by 
the equation A = —A(1 — (1/n?))l, where A is a constant, n the refractive 
index, and / the thickness of the layer (4). It is therefore apparent that a 
change in the refractive index from 1.50 to 1.55 will bring about a difference 
of 5 per cent only in the corresponding phase shift and consequently in the 
thickness of the films. 

The preparation of the optical gages on the metal slides has been dis- 
cussed elsewhere (3). 

The assumption made in the measurement of deposited layers is that the 
thickness is the same on the upper and lower parts of the slide. This 
seems always to be the case with films transferred onto a slide from a 
liquid interphase. On the other hand, when molecules are adsorbed on a 
slide, the amount adsorbed on one monolayer of reference film is not 
necessarily the same as on three layers. To test this possibility many 
experiments were carried out with optical gages made of one and three, 
as well as two and four, and three and five, layers of reference films. In 
all cases the results obtained were independent of the number of layers 
of the optical gage, except possibly in one case which is discussed later. 
It is of interest to note that slides covered with barium stearate are dry 
when emerging from the tray, whereas they are wet when coated with 
octadecylamine. 

Spreading of Antigen Films—Films of antigen were formed by spreading 
a drop (~0.02 ce.) of an aqueous solution of the antigen on the surface of a 
clean Adam-Langmuir trough filled with twice distilled water. Two 
troughs made of Plexiglas were used, one 50 X 14 em. and the other 
30 X 13 em. 

The concentration of the antigen solution was such as to allow the 
covering of three-fourths of the surface of the trough at zero pressure. 
3 minutes after spreading, the films were compressed to 8 or 9 dynes and 
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transferred to the metal slides. Surface pressure was measured by the 
vertical pull method (5). The antigenic films could be trangerred to four 
or five slides at one time by means of a special stand, a photograph of 
which can be seen in Fig. 1. The knob A, which determines the vertical] 
motion of the slides, carries a scale to facilitate the control of the depth to 
which the slides are immersed. One monolayer of antigenic film can be 
transferred either by immersing the slide into the tray before the protein 
has been spread (the symbol 7 is used to denote this operation) or by 
removing the film from the surface of the trough after the slide has been 
immersed (symbol | ). It was found easy to transfer two monolayers of 


most proteins. However, it was difficult to deposit more than two layers 





Fig. 1. Stand for film transfer on five slides simultaneously 


on an optical gage of barium stearate. In the case of bovine albumin, for 
instance, it was impossible to transfer three or more double layers of the 
film. However, it was found that if the slides covered with an optical 
gage of barium stearate were first conditioned with a solution of uranyl 
acetate (6) many double layers could be deposited without difficulty. 
This is accounted for by the fact that the first anchored molecules were so 
strongly polarized that they polarized in turn the molecules deposited on 
top, and so on along the successive layers. This polarization increases the 
bonding energy of the successive layers, which becomes strong enough to 
prevent the top layers from slipping back onto the water surface when the 
slides are taken out of the trough. Thickness measurements demonstrated 
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that the antigenic films consisted of completely unfolded molecules, since 
the thickness per monolayer was found consistently between 8 and 9 A 
after transfer under 8 dynes of pressure. 

The conditioning solution of uranyl acetate (7) was made up of equal 
parts, mixed just before use, of a 10-* m solution of uranyl acetate and a 
veronal buffer, 0.02 m, pH! about 7. The pH of the mixture was about 6.6. 
The plates were wetted by such conditioning as long as the pH stayed 
within 5.5 to 7.5. The conditioning was accomplished by covering the 
slide for 3 minutes with approximately 1 cc. of the solution, after which the 
plate was washed with redistilled water and dried. The increase in optical 
thickness resulting from conditioning was ~8 A. 

Deposition of Screens—The screens consisted of layers of barium stearate, 
octadecylamine, protein multilayers, and Formvar, which according to the 
manufacturer is a polyvinyl formal resin with an average molecular weight 
of 13,000 to 15,000. Barium stearate and octadecylamine screens were 
formed in the same way as the optical gages. It is of interest to mention 
that when a double layer of barium stearate was deposited on one or two 
monolayers of protein the slide came out wet, a film of water being squeezed 
in between the two layers. After drying, the slide was hydrophobic. On 
the other hand, if the slide had been conditioned before the transfer of the 
protein films, it came out dry after the deposition of the double layer of 
barium stearate. The deposition of the screen was made at room tempera- 
ture. It was observed that barium stearate screens could not be deposited 
regularly on a double layer of egg albumin at a temperature above 25°, 
but the deposition proceeded easily at 20°. This temperature effect de- 
pends partly on the protein, since stearate screens could be deposited above 
25° on a double layer of bovine albumin. 

The protein screens were made in the manner described for the transfer 
of antigenic films. One essential condition in the choice of the substance 
is that there is no cross-reaction with the particular antiserum. 

Formvar screens were formed by smearing a drop of an ethylene di- 
chloride solution on the slide, which was then allowed to dry in a vertical 
position. By using drops of the same size it was found that the thickness 
of the screen was roughly proportional to the concentration used. For 
instance, a solution of 0.1 per cent gave a screen of about 150 A. In a few 
cases the Formvar films were made on clean microscope slides. If, after 
evaporation of the solvent, the slides were quickly plunged into a dish 
filled with water, the films could be detached and floated on the surface. 
They could then be transferred on protein-coated metal slides in two ways, 
either by lowering the slide face down into the surface or by dipping the 
slide into the dish under the film and lifting it. In the first method the 
slides were dry when the film was picked up; in the second they were wet 
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with a layer of water between slide and Formvar film. After drying, the 
slide became hydrophobic. 

Reaction with Antisera—All sera were diluted 1:10 with phosphate 
buffer of pH 7.05 (0.825 gm. of NaOH and 3.45 gm. of KH,PO, per liter), 
containing 0.9 per cent NaCl. A drop of such diluted serum was smeared 
on the slides to be tested (with or without screen) and left there 10 minutes 
before washing. For the adsorption period the slides were placed in 
horizontal test-tubes containing a piece of wet absorbing cotton to prevent 
the drying of the slides. At room temperature the reaction proceeded 
extremely rapidly and was nearly completed in 2 to 3 minutes. 

Washing—The slides were washed with water after the deposition of the 
antigenic layers. They were washed after adsorption of the serum with the 
saline phosphate solution used for the dilution of the serum and then with 
redistilled water. 

Reproducibility of the results was found to depend in some measure on 
uniform washing. Therefore in washing, the slides were held in clamps 
attached at about 20° from the vertical position to a movable rack and 
could be brought into contact in turn with the tips of two special 15 ce. 
pipettes, the design of which can be seen in Fig. 2. The flattened end of 
the pipettes was 2 cm. X 0.1 cm. It required about 3 seconds for them 
to empty. As it appears from the drawing, the pipettes were automati- 
cally filled each time to the same level. The temperature of the washing 
solutions was found to be of no importance as long as it did not go much 
above 20°. The bottles containing the stock solutions were kept in a tank 
cooled with running water or ice. 

Systems Investigated—Experiments were carried out with the following 
antigens: crystalline egg albumin, crystalline bovine albumin, polysac- 
charide from pneumococcus type III, and crystalline ferritin and apo- 
ferritin. Rabbit immune sera were used exclusively.' 

Reproducibility of Results—Generally the amount of specifically adsorbed 
antibody, with or without screen, could be reproduced within 10 per cent. 
Thus when thick layers of antibodies were adsorbed, the variations were 
well above the limit of sensitivity of the ellipsometer. The causes of the 
variations have not as yet all been traced. For instance, it was established 
in the case of films of bovine albumin that the amount of adsorbed antibody 
was consistently larger by 10 per cent when the films had been spread on 


1 T am greatly indebted to Dr. Bacon F. Chow of The Squibb Institute for Medical 
Research, New Brunswick, New Jersey, for a supply of bovine albumin and antisera; 
to my colleagues at the Rockefeller Institute, Dr.O.T. Avery and Dr. M. McCarty, 
for some rabbit antipneumococcus sera; to Dr. M. W. Chase for the anti-egg albuntin 
sera; to Dr. W. F. Goebel for the polysaccharide type III; and to Dr. 8. Granick for 
a supply of ferritin, apoferritin, and homologous antisera. 





fre 
cu 


sin 
da 
TI 
sh 
dif 


pip 


this 


wit 
act 
wel 


ant 
mu 
con 








A. ROTHEN 81 


water redistilled from a quartz still than when spread on distilled water 
from a commercial still, tin-lined. 

Most of the data are presented graphically. The points of all the 
curves represent average values obtained from five to fifteen similar experi- 
ments, all falling within 10 per cent. When the scattering was larger, 
single experiments have been indicated on the graph. Finally, all the 
data reported have been obtained with a single antiserum for each antigen. 
This was done to eliminate individual variation from serum to serum. It 
should be said that numerous experiments were made with sera from 
different rabbits which gave comparable results. 





Fic. 2. Constant volume delivery pipette. Hole A is closed when filling the 
pipette; B is closed when emptying the pipette with the aid of rubber bulb R. 


Egg Albumin-Anti-Egg Albumin Rabbit Serum—Many experiments with 
this system were published in a preceding article (1) which showed that 
an unfolded film of egg albumin was still capable of reacting specifically 
with an immune serum. Data obtained in dealing with the screening 
action of barium stearate have been condensed in Table I. Experiments 
were carried out with one double layer of egg albumin, although the num- 
ber of layers of this spread antigen had no influence on the amount of 
antibody specifically adsorbed during subsequent treatment with an im- 
mune serum. The mode of deposition of the layers, | or T , as well as the 
conditioning of the slide with uranyl acetate solution did not alter the 
results. 

A study of Table I reveals that a specific fixation of antibody occurs, 
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notwithstanding an intervening screen of four layers of barium stearate. 
It also shows that a heterologous serum deposited directly on the antigenie 
film or on a screen of one monolayer of barium stearate does not bring 
about any non-specific increment in thickness. However, there occurred 
small non-specific fixation which increased with each additional layer of 
stearate until it reached the value of 15 A, which is also the increment 
observed upon treatment of a slide covered with a stearate layer without 
any underlying protein film. In this connection the following generaliza- 
tion can be formulated: 

A slide covered with barium stearate layers exhibits an increase of 15 to 
20 A after treatment with any dilute serum. No increase is observed if 
previous to the treatment a double layer of a protein has been transferred 
to the slide. In other words, 15 to 20 A are the maximum non-specific 


TABLE I 
Screening Action of Barium Stearate on One Double Layer of Egg Albumin or Bovine 
Albumin 


Increase in Angstrém units 
Screen; No. of 


nonolayers of barium : 6 . . . 7 + 
a ea Egg albumin film Bovine albumin Bovine albumin Egg albumin film 
stearate, 24.4 A aa : ~) . a A. fF ys ‘ Cas . 
er layer after treatment him aiter treatment iim after treatn reatment 
I ~~ with anti-egg albu- with anti-egg with antibovine th antibovine 
min serum albumin serum albumin serum albumin serum 

0 26 0 65 0 

l 21 0 39 0 

2 21 5 33 0 

3 21 7 25 0 

} 17 1] 23 6 

6 16 15 10 10 


thickness of film which can be adsorbed directly on a slide covered with 
layers of barium stearate. 

A curious observation was made in studying the effect of underlying 
layers on the reactivity of egg albumin films, an observation which has its 
counterpart, as will be seen later, in the bovine albumin system. The 
thickness of specifically adsorbed anti-egg antibody was diminished by 
half (12 A instead of 26 A) if the monolayer of egg albumin was deposited 
on a slide already covered with a monolayer of bovine albumin. The same 
specific increment of 12 A was observed if the order of deposition of the 


transferred layers was altered. 

Experiments were also made in which egg albumin molecules were 
adsorbed directly onto the slide instead of being transferred from a water 
interphase. This was done simply by smearing a drop of dilute solution 
of this protein on a slide coated with an optical gage. The adsorption 
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took place very rapidly, since the same results were obtained whether the 
solution was kept 5 seconds or 3 minutes on the slide. The slides were 
washed with water only, since the phosphate-saline buffer removed the 
adsorbed molecules. The thickness of the adsorbed layer of egg albumin 
was 20 A, and there was an average specific increment of 70 A, with con- 
siderable scattering, following treatment with an immune serum. In a 
series of twenty experiments the values found fell within the range of 55 to 
94 A. When the adsorption of the egg albumin molecules took place on a 
slide conditioned with uranyl acetate, the apparent thickness of the 
adsorbed antigen was the same but the average increment of antibodies 
was 100 A, the scattering covering the range 82 to 120 A in ten experiments. 
No increase was observed on treatment with an antibovine albumin serum. 
With an intervening screen of one double layer of barium stearate the 
increment in antibodies dropped to ~30 A. 

These results demonstrate that unleafing the egg albumin molecules at 
the water interphase reduces considerably the subsequent interaction with 
antibodies. The thickness per se of the egg albumin layers is not an influ- 
ential factor, since many piled up layers of egg albumin did not exhibit the 
reactivity of the adsorbed molecules. 

Bovine Albumin Films-Antibovine Albumin Rabbit Serum—The bulk of 
our data deals with this system because of an interesting property charac- 
teristic of this system which permitted the extension of the scope of the 
investigation. It was found that the thickness of the specifically adsorbed 
antibody layers increased linearly with the number of underlying films of 
bovine albumin up to four double layers. This is in direct contrast to the 
results found in the case of egg albumin and other systems such as 
metakentrin-antimetakentrin (8). As in the egg albumin system, the 
mode of deposition of one monolayer, | or 7, had no influence on its 
reactivity. The uranyl acetate conditioning of a slide already coated 
with multilayers of bovine albumin decreased markedly the amount of 
antibody which could subsequently be adsorbed. As already mentioned, 
conditioning increased the optical thickness by 8to10 A. When a few mono- 
layers of antigenic film are transferred to aslide, the uranyl acetate treatment 
can be applied at different stages of the deposition of the monolayers. The 
influence of the various possibilities on the immunological reaction has 
been summarized in the curves of Fig. 3. In these experiments, all slides 
were covered with an optical gage of two and four monolayers of barium 
stearate and then conditioned with uranyl acetate. Following this they 
were coated either with N monolayers of bovine albumin (Curve A), or 
with NV monolayers of bovine albumin with one conditioning treatment 
between successive monolayers (Curve B), or with N monolayers of bovine 
albumin and one conditioning applied on top of the monolayer last de- 
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posited (Curve C), or with N monolayers of bovine albumin with one 
conditioning treatment between successive monolayers and one last 
conditioning on top of the layer last deposited (Curve D). The most 
striking effect is the decrease from 230 to 125 A in the antibody adsorbed, 
brought about by one conditioning of a slide coated with eight successive 
monolayers (Curves A and C), whereas the reactivity of one double layer 
is not markedly impaired by conditioning. 
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Fic. 3. Effect on the amount of specifically adsorbed antibody after the deposited 
antigenic layers have been conditioned with uranyl acetate. Bov stands for one 
bovine albumin monolayer and U for one conditioning treatment. 


The screening action of layers of barium stearate on one, two, and three 
double layers of bovine albumin is represented by Curves A, B, and C, 
respectively, in Fig. 4° which demonstrate that there is no appreciable 
specific adsorption when a screen of three double layers of stearate (146 A) 

? Preliminary results published in a previous note (6), obtained under slightly 


different conditions, gave somewhat smaller amounts of specifically adsorbed anti- 
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covers one double layer of bovine albumin (Curve A), whereas there is an 
increment of about 45 A when a similar screen or one of octadecylamine or 
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Fic. 4. Screening action of barium stearate, octadecylamine, and Formvar films 
on one, two, and three double layers of bovine albumin (Curves A, B, and C) deposited 
ona conditioned optical gage of two and four layers of barium stearate. Thicknesses 


of the layers of adsorbed antibody are true specific increments. 
creases varying from 0 to 15 A, depending on the thickness of the screen, were sub- 
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tracted from the experimental values. The symbols Bov |f, Bov |f J|f, Bov Jf 


{f Jf stand for one, two, and three deposited double layers of bovine albumin. 


Formvar of the same thickness is deposited on three double layers of 


albumin (Curve C). 
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The amount of scattering among the data does not allow precise curves 
to be drawn, but as a first approximation it can be said that the amount of 
adsorbed antibody decreases linearly with the increase in thickness of the 
screen. It is evident from Curve C of Fig. 4 that the efficiency of the three 
kinds of screens tested depended mainly on their thickness and very little 
if at all on their chemical nature. It should be remembered, however, that 
the fabric of all three screens is constituted in the main by C—C and 
C—H bonds. We plan to investigate the screening action of metal films 
whose conductive properties put them in an entirely different category, 











TaB_e II 
Screening Effect of Monolayers of Egg Albumin on Layers of Bovine Albumin 
No. of monolayers of bovine albumin 2 2 2 2 2 2] 4 6 | 6 
Screen; No. of egg albumin monolayers, 9 2 $ 6} 8/10] 4] 6/10 
A per layer 
Increase after adsorption with antibovine | 56 | 41 | 29/17 | 9) O 71 106 | 7% 


albumin serum for 5min., A 





TaBLe III 
Influence of Underlying Layers of Egg Albumin on Reactivity of Bovine Albumin Layers 


Increase in Angstrém units, after adsorption of antibovine albumin serum for 5 min. 
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O and B stand for egg and bovine albumin, respectively. Symbols | and | 


indicate the mode of deposition of one layer. The values in this table are con- 
sistently smaller than those in Table I, since the time of adsorption was 5 minutes 


instead of 10 minutes. 


The amount of adsorbed antibody with screens made of transferred egg 
albumin layers also diminishes linearly with the increase in thickness of the 
screen, as is shown in Table II. 

All the data presented so far have been obtained with antigenic layers 
deposited on slides covered with a conditioned optical gage of two and four 
layers of stearate. It was observed that if bovine albumin layers were 
transferred to conditioned slides coated with one monolayer of egg albumin 
the subsequent increment of antibody was larger than when the egg 
albumin layer was not present. The results obtained with different 
possible combinations are presented in Table III. It appears from the 
data that an underlying egg albumin layer has an influence on the reactivity 
not only of the layer directly above but also on the next one, since the 
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amount adsorbed on OJf BI} is nearly twice as large as that on 
OT BT orO{} BT (O = ovalbumin, B = bovine albumin). 

Influence of Temperature on Adsorption—The thickness of the layers of 
antibody adsorbed within a given time is diminished by lowering the 
temperature. In 5 minutes the amount adsorbed at 5° was about 80 per 
cent that adsorbed at room temperature (~25°), regardless of the pattern 
of the antigenic films. Comparable data were obtained with the systems 
[Bit], [B \) stearate |], and [B( {f)3]. The data show that the main 
factor involved is the diffusion of the antibody molecules dissolved in the 
liquid phase, into the surface of the slide. 

The influence of the time of contact of the immune serum with the screen 
was investigated. It was found that no additional increase in antibody 
took place after a period of 10 minutes. For instance, the same value of 
72 A (specific increase) was observed after 10 minutes or after 40 minutes 
in the case of three double layers coated with a screen of Formvar 110 A 
thick. 

Polysaccharide from Pneumococcus Type III and Antiserum—In this case, 
the antigen could not be spread at a water interphase but was easily ad- 
sorbed on a slide. Drops of a 0.04 to 0.02 per cent solution of polysac- 
charide were smeared for 3 minutes on slides which were then washed with 
water. The adsorbed layers were all about 5 A thick or less when adsorp- 
tion took place on uranyl acetate-conditioned slides coated with an optical 
gage of stearate or octadecylamine. It was found that the nature of the 
gage, stearate or octadecylamine, on which the polysaccharide was ad- 
sorbed had a very great influence on the amount of adsorbed antibody. 

When the polysaccharide was adsorbed on a gage of barium stearate, 
the thickness of the antibody layer subsequently immobilized was 120 to 
130 A after treatment with an immune serum for 10 minutes. This value 
was not increased by lengthening the adsorption period to 1 hour. Occa- 
sionally the observed increases for a series of slides were consistently larger 
(170 to 180 A) or smaller (95 to 110 A). These variations seem to be 
caused by an impurity affecting the barium stearate gage and, hence, the 
structure of the adsorbed polysaccharide layer, since all slides prepared 
simultaneously exhibited increases within the same range of thickness. 
In other experiments, slides coated with a conditioned gage of barium 
stearate were covered with a double layer of egg albumin prior to the 
adsorption of the polysaccharide. The subsequent increase in adsorbed 
antibody was found consistently between 140 and 150 A. The influence of 
sereens of barium stearate, octadecylamine, and Formvar on the amount of 
specifically adsorbed antibody was also investigated. Special precautions 
had to be taken when screens of Formvar were deposited on polysac- 
charide adsorbed on a barium stearate gage. These gages consisted 
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Fic. 5, a. Screening action of barium stearate, octadecylamine, and Formvar 
films on polysaccharide type III, adsorbed on a conditioned optical gage of three and 
five monolayers of barium stearate. Thicknesses of the layers of adsorbed antibody 
are true specific increments. Non-specific increases varying from 9 to 17 A, de- 
pending on the nature and thickness of the screen, were subtracted from the experi- 
mental values. They were obtained upon adsorption of the antiserum on the screens 
without underlying polysaccharide. 

Fic. 5, b. Screening action of barium stearate and octadecylamine on polysac- 
charide type III, adsorbed on an optical gage of octadecylamine. Thicknesses of 
the layers of adsorbed antibody are true specific increments obtained after 10 minutes. 
Non-specific increments of 15 A were subtracted from the experimental values. The 
optical gage, consisting of three and five monolayers of octadecylamine, was con- 
ditioned twice with uranyl acetate, once after the deposition of the first monolayer 
and then after completion of the deposition of the gage. 


mainly of barium stearate but also contained some free stearic acid which 
was dissolved by ethylene dichloride during the formation of the Formvar 
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barrier, thus causing an error in the determination of the screen thickness 
important in the range of thin screens only. To eliminate this error, the 
slides to be coated with Formvar screens were treated with ethylene 
dichloride prior to the adsorption of the polysaccharide type III. As is 
shown in Fig. 5, a, the amount of antibody immobilized when no screen 
was present was somewhat smaller when the gage had been treated with 
ethylene dichloride (Curve A) than when it had not been so treated 
(Curve B). The curves of Fig. 5, a also demonstrate that the screening 
action of the three types of barriers was essentially the same, except in the 
region of the thicker screens, when a specific adsorption was still observed 
with a screen of barium stearate or octadecylamine 146 A thick, while 
no such reaction took place with a Formvar screen of the same thickness. 

When the polysaccharide was adsorbed on a gage of octadecylamine, the 
thickness of the layers of antibody was 280 A after 10 minutes, 600 A after 
1 hour, and 700 to 800 A after 2 hours, a most amazing increase when it is 
considered that it is brought about by a layer of polysaccharide only 5 A 
thick. The optical gage of octadecylamine consisted of three and five 
monolayers, since in this case it was apparent that the amount of specifi- 
cally adsorbed antibody was greater on the lower than on the upper part 
of the slide when a gage of only one and three monolayers of octadecylamine 
was used. When an optical gage of stearate was coated with one double 
layer of octadecylamine before the polysaccharide was adsorbed, a simi- 
larly large amount of antibody was immobilized, the reaction being even 
faster (500 A in 10 minutes). The curve in Fig. 5, b demonstrates that the 
screening action of barium stearate or octadecylamine on a layer of poly- 
saccharide adsorbed on an octadecylamine gage is roughly the same, no 
specific adsorption of antibody being demonstrable for screens thicker 
than 150 to 160 A. The amount of antibody immobilized decreases 
linearly with the increase in thickness of the screen. The influence of a 
Formvar screen, however, seems in this case to follow a slightly different 
course, as is shown in Fig. 6, but the minimum thickness of the screen 
necessary to prevent a specific fixation of antibody has the same value of 
120 to 130 A as that found when the polysaccharide was adsorbed on a 
barium stearate gage. 

As already observed for the bovine albumin system, when there was a 
screen the maximum value of the thickness of the antibody layers adsorbed 
was obtained in about 10 minutes. For instance, when the polysaccharide 
was anchored on an octadecylamine gage and coated with a barrier of one 
monolayer of octadecylamine, the specific adsorbed layer of antibody 
observed after 10 or 60 minutes was 240 A thick. 

Ferritin, Apoferritin-Antiferritin Serum—A few experiments were 
carried out with this system and the results are of sufficient interest to be 
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recorded. Both ferritin and apoferritin were crystalline samples of high 
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If, however, apoferritin was spread on a 1 per cent NaCl solution, the 
thickness of a double layer was 18 A, corresponding to a completely un- 
folded polypeptide chain of 9 A per layer. The films were found totally 
inactive. Activity could not be restored by increasing the thickness up to 
five such double layers by successive dipping. It is apparent that com- 
plete unfolding of the large protein molecule of apoferritin (mol. wt. 
465,000) (9) destroys its immunological reactivity. 


DISCUSSION 


The main body of the data presented in the preceding section concerns 
the effect on immunological reactions of barriers interposed between films 
of antigens and homologous antibodies. Before these results are discussed, 
some remarks on the direct reaction occurring without intervening screens 
would appear advisable. 

From an immunological point of view, films of apoferritin, egg albumin, 
and bovine albumin can be said to be characteristic of three different 
classes of protein films. Apoferritin molecules on complete spreading 
lose their reactivity. The necessary pattern for the immunological 
reaction therefore requires more than a two-dimensional fabric. It is to 
be expected that large molecules, which suffer more steric disturbances on 
unfolding, will be found in this category. 

Egg albumin probably belongs to the most common type; unfolding 
does not destroy the immunological reactivity but reduces it. It was 
found that the same specific increment occurred after treatment with an 
immune serum whether the slide had been coated with one or many mono- 
layers. In other words, a reactivity equal to that of the adsorbed mole- 
cules cannot be regained by building up successive monolayers. 

In contrast, bovine albumin monolayers not only retain their reactivity 
but possess the remarkable property of additive reactivity. The amount 
of specifically immobilized antibody is directly proportional to the number 
of underlying layers, up to a certain number. 

Great difficulty is therefore encountered in trying to explain such 
phenomena on the basis of the current chemical theories which axiomati- 
cally assume that the reaction occurs between definite groups of the antigen 
and definite groups of the antibody. If this were the case, how could 
‘definite’ groups of the antibody molecule react with definite groups of an 
antigen film buried under seven layers of the same antigen, 56 A deep 
(see Fig. 3)? Would steric hindrance not be an insurmountable barrier? 
It could, of course, be argued that during the course of the reaction the 
layers of the protein are sufficiently disrupted to permit close contact 
between these hypothetical groups. If the antibody molecules were 
really coming into contact with specific groups of the successive antigenic 
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layers of bovine albumin, then when the slide was covered with successive 
egg albumin monolayers the same phenomenon might be expected to occur 
upon treatment with homologous antiserum. On the contrary, in the 
latter case the amount of specifically adsorbed antibody is independent of 
the number of underlying egg albumin monolayers. 

A further point worth considering in this connection is the absolute 
amount of antibody immobilized by the antigenic layers. It has been 
shown that a layer of antibody 230 A thick can be adsorbed on four double 
layers of bovine albumin. This thickness is greater than that to be 
expected from close packing of a single layer of molecules of rabbit anti- 
body, unless they are adsorbed on end. Furthermore, the fact that a layer 
of antibody 700 A thick was adsorbed on a layer 5 A thick of polysaccharide 
of pneumococcus type III demonstrates that a number of molecules of anti- 
body are piled up on top of each other and that they must be immobilized 
there by highly specific forces without coming into contact with the anti- 
genic film. To make sure that there were no large aggregates of antibody 
present in the antisera used, two of them were analyzed in the ultracentri- 
fuge. They were found perfectly normal, exhibiting the usual albumin 
and globulin sedimenting boundaries. The calculated constants of sedi- 
mentation were s)’ = 4.0; X 10~* (albumin) and s>’ = 7.07 X 107” (globulin) 
for one of the sera and s;’ = 4.03 X 10~” (albumin) and 8)’ = 7.39 X 10™ 
(globulin) for the other. The determinations were carried out in the 
phosphate buffer used for the adsorption experiments. 

Screening Action—Numerous data presented in the experimental part 
indicate that three different types of barriers do not prevent immunological 
reactions from proceeding between underlying films of antigens and 
antibodies deposited on top of the screen. The following questions are thus 
raised: Do the antibody molecules, which are specifically immobilized 
with a bonding energy strong enough to prevent their washing away with 
saline solution and water, really rest on top of the screen, or do they in some 
fashion work their way through the screen? Do the screens have holes, 
or is the mesh of their fabric wide enough to permit the diffusion of antibody 
molecules? The available information in regard to surface films would 
appear to preclude this interpretation. 

Films of barium stearate have been studied by electron diffraction by 
Germer (10) and were shown to consist of closely packed molecules with the 
hydrocarbon chain perpendicular to the base, in harmony with the optical 
thickness found for such films. He states that, ‘The arrangement can be 
thought of as resembling that of persons of uniform size in a crowded 
subway car.” Even if thermal motion is taken into consideration, it does 
not seem possible that “thermal holes” would be large enough to permit 
the passage of a molecule as large as that of a rabbit antibody (molecular 
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weight 160,000). In extreme cases the molecule would have to force its 
way through 18 X 8 = 144 carbon atoms in order to reach the antigenic 
layer. If, in the case of Formvar films, the holes (thermal or permanent) 
were responsible for the reaction, it would mean that the size of the holes 
and their density would be the same as in stearate or octadecylamine 
screens, a very improbable coincidence. However, let us assume for the 
sake of the argument that the “hole” theory is the explanation. Then the 
barrier should slow down considerably this assumed diffusion process. 
As a matter of fact, the rate of the reaction is unaffected by the different 
types of screens. For example, the amount of antibody adsorbed on a 
screen of Formvar 110 A thick, deposited on three layers of bovine albumin, 
was 90 A thick, regardless of whether the antiserum was in contact with the 
slide for 15 or for 40 minutes. Further, the experiments mentioned above 
on the temperature effect on the reaction lead to a similar conclusion. The 
decrease in the reaction rate is the same whether there is a screen or not. 

Still another series of experiments is difficult to explain by the “hole” 
interpretation. There has come to our attention at least one system of 
large reacting protein molecules for which barriers of stearate or Formvar 
proved very efficient; namely, that of adsorbed molecules of protamine 
reacting with insulin. This system was investigated by Clowes (7) who 
found that in the pH range of 5.5 to 7.5 a thick layer of insulin could 
be adsorbed on a thin layer of protamine. Our experiments were made 
with the protamine clupein sulfate’ and showed that a layer of insulin 
220 A thick could be adsorbed on a layer of clupein. A screen of one 
double layer of barium stearate, however, cut down the reaction com- 
pletely, since the increment observed of 18 A was the same as that found 
when there was no underlying clupein layer. Experiments with films of 
Formvar showed that no specific increase took place for screens thicker 
than 50 A. (There was, however, an increase of 120 and 40 A with screens 
17 and 30 A thick, respectively.) There is no reason to believe that a given 
screen should be more permeable to larger than to smaller molecules. 
Actually the size of an insulin molecule (M ~ 35,000) is considerably 
smaller than that of an antibody molecule. 

It is commonly assumed that the interaction between insulin and pro- 
tamine results from Coulomb forces between these 2 molecules oppositely 
charged in the physiological pH range. From this view it has been further 
suggested that the efficiency of the stearate screen could be accounted for 


*A 0.16 per cent solution of clupein sulfate in a 0.015 m veronal buffer, brought 
to pH 7.2, was smeared on a conditioned (uranyl acetate) stearate gage for 3 minutes. 
The thickness of the adsorbed layer was 8 to 10 A. The insulin solution was pH 
65 and contained 18 units per cc. in a 0.05 m veronal buffer. The insulin solution 
was smeared on the clupein layer or the barrier for 10 minutes. 
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by a neutralization of the basic groups of clupein by the carboxy] group of 
stearic acid. This explanation appears scarcely adequate, since in the 
absence of a screen it would be necessary for the insulin molecules to ex- 
change places with the sulfate ions of clupein in order to react. The screen 
itself consists of barium stearate which cannot neutralize the already 
neutralized basic groups of clupein. An exchange reaction might, however, 
conceivably take place, with elimimation of barium sulfate. Whether or 
not this occurs, the fact remains that the insulin molecules cannot replace 
the stearate, and this in itself demonstrates the efficiency of the long alky| 
chain of the stearate in preventing the charged groups of insulin from 
approaching the polar groups of protamine. 

All the foregoing evidence would appear to be definitely against the 
“hole” interpretation of the effects observed in the presence of barriers. 


TaBLe IV 


Salt Treatment of Slides Coated with Three Double Layers of Bovine Albumin and 
Homologous Antibody with and without Intervening Screens 





Thickness of Formvar Thickness of 








screen on top of 3 7 s : — | Loss in thickness follow- 
deals layers of bovine | Thickness of antibody | ie of ing salt treatment 

ee A | -_ | A A 
44 140 | 0 61 

66 99 0 46 

0 | 160 | 0 | 63 

0 190 0 61 

0 195 | 39 | 0 

0 | 180 | 58 | 0 

0 | 160 | 118 0 


It has been suggested that during the deposition of the screens the 
antigenic layer or layers work their way up to the top of the screen. This 
possibility seems hard to conciliate with the following facts. When a 
slide, after specific adsorption of antibody, is treated with a sodium chloride 
solution (5 to 10 per cent for 10 minutes), a removal of part of the adsorbed 
antibody results. In contrast, if a screen of Formvar is deposited on top of 
the antibody layer, no antibody can be removed with salt treatment, as 
appears from Table IV which summarizes our findings in this connection. 
It is obvious that antibody molecules cannot leave the slide when they are 
covered with a Formvar film or treated with ethylene dichloride. These 
facts demonstrate that both antigenic film and antibody molecules must 
stay below the barrier during its deposition. Therefore, if the antibody 
molecules cannot work their way out of the screen, it also seems highly 
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improbable that they should be able to work their way down through the 
screen, a point which adds further evidence against the “hole” theory. 

Yet another hypothesis has been advanced; namely, that during the 
deposition of a barium stearate screen the screen in some way duplicates 
the distribution of charges of the antigenic film and becomes an artificial 
antigen. This possibility seems remote, especially when one considers that 
films of Formvar behave in a fashion similar to that of barium stearate. 
Experiments in which the screen of Formvar was made on a clean glass 
slide and then transferred as one unit on the antigenic films, as described 
above, seem definitely to exclude this hypothesis, since the results were 
similar to those obtained with screens formed directly on the antigenic 
layers. The most characteristic property of immunological reactions is 
their extraordinary specificity. This in itself would seem to preclude the 
assumption that interaction between antigenic films and antibody, in the 
presence of a screen, would take place through highly ‘specific induced 
polarization transmitted through the screen. It was shown earlier in this 
paper that the influence of uranyl conditioning can be transmitted through 
many monolayers of protein, presumably by induced polarization, to pre- 
vent the top layers from escaping the surface of a slide during the process 
of deposition of multilayers. In this case, however, the forces involved are 
entirely non-specific, in contrast to the forces involved in immunological 
reactions. It would now seem that the only tenable explanation of these 
immunological phenomena is based on the assumption that long range 
forces exist between the antigenic films and the antibody molecules, since 
direct contact between the molecules is unlikely. However, no known 
chemical force can explain interactions at distances of the order of a few 
hundred Angstréms. Therefore our knowledge concerning intermolecular 
forces obtained through the study of relatively small molecules would be 
inadequate to describe specific interaction between large molecules such as 
those involved in immunological and enzymatic reactions. 

The possibility might then be considered that antigen and antibody 
interact as two resonating oscillators. A necessary condition for the 
realization of such long range interaction is that the assumed oscillators 
are extended; otherwise the interaction would fall down rapidly with the 
distance. These extended oscillators could be visualized according to the 
ideas expressed by London (11) which are very pertinent. Extended 
oscillators are likely to occur in large molecules built on the principle of 
pattern repetition, like the polypeptide chain of proteins or the glucose- 
glucuronic acid units of polysaccharide type III. These oscillators would 
be characteristic of the molecule as a whole, or at least a considerable 
portion of it. The frequency of these oscillators might presumably be 
located in the extreme infra-red of the spectrum, possibly in the border 
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line between optical and electrical spectra. It would then follow that the 
interaction between antigen and antibody molecules could be interpreted 
by a field action, rather than by specific chemical reacting groups. From 
this point of view the idea of valency of antigen and antibody would lose its 
significance. The specific action would then be explained, though in a 
more modern language, by a theory related to the early concept of Bordet 
and his followers. 

It is too early to say whether in all immunological reactions the concept 
of a field action gives a more adequate interpretation of the facts than the 
idea of reaction between specific chemical groups. At present it can be 
said that the experiments presented in this article are most readily ex- 
plained on the assumption of a specific field of force extending over 100 to 
200 A. Immunologists have been puzzled for some time by the fact that 
“antibodies for disaccharide glycosides seem to reflect the pattern of the 
homologous hapten as a whole” and that “A similar situation was en- 
countered in the study of immune sera to peptides” (12). Such observa- 
tions would be a natural sequence to the concept of a field action repre- 
senting the molecule as a whole. It might well be conceived that the 
nature of the antigen would affect the extension of the oscillators. If the 
specific resonators were localized in small chemical groups, as in the case of 
artificial conjugated antigens containing few hapten groups per molecule, 
then the concept of integrated field action would not be needed and a 
purely chemical theory perhaps would be adequate. We plan to investi- 
gate the screening action of barriers on immunological reactions of artificial 
conjugated antigens. Some of the observations reported above, besides 
those dealing directly with screening effects, would definitely be in favor of 
an integrated field action. If the immunological reaction were of a purely 
chemical nature, conditioning of one double layer, by blocking certain 
specific groups, should cut down the subsequent reaction with antibody in 
the same relative proportion as conditioning of three double layers of 
bovine albumin. It was shown, however, (see Fig. 2) that uranyl con- 
ditioning of a slide covered with one double layer of bovine albumin had 
little effect on the subsequent reaction with antiserum, whereas condition- 
ing of three double layers reduced considerably the amount of adsorbed 
antibody. On the other hand, if the large amount of antibody adsorbed 
on three double layers of bovine albumin results from a cooperative phe- 
nomenon between the multilayers of the antigen, it might be expected that 
the conditions necessary to promote an enhanced field would be the more 
easily disturbed the greater the number of monolayers in the antigenic pile. 

From a biological point cf view our findings may lead in the direction 
towards a rational theory of the dynamics of the living cell. Many 
puzzling facts confronting the physiologist might conceivably find an 
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explanation if specific long range forces operate at considerable distances 
between macro molecules. Limiting ourselves to immunological reactions, 
we may say that the sphere of influence of antibody molecules in the animal 
body may extend much further than is commonly believed. Interaction 
between antigen and antibody could occur through inert layers or a thin 
cell membrane. In the next article it will be shown that analogous phe- 
nomena likewise take place in enzymatic reactions. 


SUMMARY 


Experiments are described which deal with immunological reactions 
between films of antigen transferred on metal slides and antibody contained 
in a drop of solution brought into contact with the slide. The antigens 
used were egg albumin, bovine albumin, ferritin, and the polysaccharide 
from pneumococcus type III. The influence of screens deposited on the 
antigenic films prior to the smearing of the antibody solution on the slide 
was investigated. It was found that intervening screens of barium 
stearate, octadecylamine, and Formvar did not altogether prevent a spe- 
cific immobilization of homologous antibody. The influence of such 
barriers was mainly a function of their thickness and very little if at all of 
their nature. 

The possibility was considered of holes in the barrier, thus allowing the 
antibody molecules to come in direct contact with the antigenic film by 
diffusion. This explanation seems contrary to the experimental evidence. 
The conclusion is reached that interaction between large molecules, such as 
those involved in immunological and enzymatic reactions, may take place 
through a field of specific long range forces extending over 200 A, a distance 
many times greater than that calculated for the interaction of small 
molecules. 
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THE REACTION OF FORMALDEHYDE WITH PROTEINS* 


IV. PARTICIPATION OF INDOLE GROUPS. GRAMICIDIN 


Br HEINZ FRAENKEL-CONRAT, BEATRICE A. BRANDON, anv 
HAROLD 8. OLCOTT 


(From the Western Regional Research Laboratory,t Albany, California) 
(Received for publication, December 11, 1946) 


In the study of the reaction of formaldehyde with proteins (2-4) it 
was noted that some of the aldehyde was bound in a manner not reversible 
by acid hydrolysis. Wadsworth and Pangborn (5) and Holden and 
Freeman (6) had previously found that histidine and tryptophane differed 
from other amino acids in forming stable compounds with formaldehyde. 
Jacobs and Craig (7) and Neuberger (8) had prepared the formaldehyde 
derivatives of tryptophane and histidine, respectively, and found that new 
rings were formed by means of methylene bridges between the amino 
groups and reactive positions on the indole or imidazole rings. Recently 
Velluz (9) and Baudouy (10) suggested that the irreversible fixation of 
formaldehyde by proteins might involve their histidine and tryptophane 
residues. Similar ideas have been expressed by Nitschmann and Lauener 
(11) and Swain et al. (12). 

Gramicidin, the antibiotic isolated by Hotchkiss and Dubos (13) from 
tyrothricin, and shown to contain no polar groups other than indole and 
aliphatic hydroxy! groups (14), was found in this Laboratory to react with 
formaldehyde in neutral or alkaline solution to give a stable derivative of 
altered biological properties (methylol gramicidin) (15, 16). This, and 
other observations which will be discussed below, appeared to lend inde- 
pendent support to Baudouy’s claim concerning the irreversible fixation 
of formaldehyde by the tryptophane residues of proteins. However, as 
was pointed out by Swain et al. (12), the mechanism of the reaction could 
not be assumed to be the same as that for the free amino acid. The 
present publication is concerned with the conditions favorable for, and the 
mechanism of the combination of formaldehyde with, tryptophane residues 
in peptide linkage. The reaction with histidine residues is significantly 
different and will be discussed separately. 

The reaction of gramicidin with formaldehyde served as a model system 
and was studied in some detail, since gramicidin contains about 40 per cent 


* Presented in part before the American Society of Biological Chemists at Atlantic 
City, March, 1946 (1). 

t Bureau of Agricultural and Industrial Chemistry, Agricultural Research Ad- 
ninistration, United States Department of Agriculture. 
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tryptophane, 5 times that present in the protein of highest known trypto- — 
phane content. Simple indoles were used to substantiate the results with | ni 
gramicidin. Finally, the conclusions were tested with proteins rich in . 
tryptophane. The data indicate that 3-alkylindole residues react readily ps 
in alkaline solution with 1 equivalent of formaldehyde, which adds to the eon 
nitrogen or, less likely, the a-carbon atom to give a methylol group as emp! 
R R | bour 
/ “3 that 
——C —C / 
I the | 
n/c n/C—CH:0H 
ease m 
(1D) (ID) — 
indicated in formulas I and II. The reaction is largely reversible in strong | 
alkali but acid liberates only part of the formaldehyde and causes a break- a 
down of the indole ring. Indole 
Methods Trypte 
Benzo) 


Formaldehyde Analysis—The amount of formaldehyde bound by a protein Acetyl 
has usually been determined in the following manner (17, 18, 2,3). The 2,3-Dii 
thoroughly washed protein derivative is subjected to a combined acid rn ze 
hydrolysis and distillation, formaldehyde being subsequently determined an 
in the distillate by titrimetric or gravimetric procedures. These conditions, 





however, do not cause the release of formaldehyde from the methylene § = °57 
compound resulting from its interaction with free tryptophane, and only sn 
partial release of formaldehyde bound by the residues of this amino acid in lent of 
peptide linkage. Analyses for such “stably bound” formaldehyde have | yery 
been based on determinations of the difference between the amounts added gelatin, 
to, and recoverable from, reaction mixtures (12). However, it was found t Dis 
that even this technique could not be applied to tryptophane-containing ' t Th 
products, since tryptophane derivatives react with formaldehyde under | de 
the conditions of combined acid hydrolysis and distillation (Table I) (11). Seo 
The same difficulty was encountered when formaldehyde was determined all 


by a chromotropic acid method (19); during the heating in strong sulfuric The pe 
acid, indoles were found to bind formaldehyde.'! Thus it was not possible materis 
1 Besides all indole derivatives, cysteine, dimercaptopropanol, tyrosine, and sev- tive rer 


eral proteins containing tyrosine and histidine bound formaldehyde under the con- residual 
ditions of chromotropic acid analysis (30 minutes in 14 N sulfuric acid at 100°) when 


0.012 mg. of formaldehyde was used in the presence of 0.5 to 3.0 mg. of compound. amo, : 
On the other hand, histidine, acetylhistidine, histidine anhydride, and proteins low reversib 
in tryptophane, tyrosine, and histidine (gelatin, isinglass, protamine) bound no gamicic 
appreciable amounts of formaldehyde under these conditions. tryptop! 
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by either technique quantitatively to recover formaldehyde added to 
indoles after the sulfuric acid. In proteins rich in tryptophane, there 
appears to be no accurate method available for the determination of 
formaldehyde bound reversibly, or to determine by difference that bound 
irreversibly. Baudouy (10) and Nitschmann and Lauener (11) have also 
emphasized this difficulty. With Baudouy’s technique for irreversibly 
bound formaldehyde actually the sum of that “irreversibly” bound plus 
that bound in so labile a manner as to be split off during the washing of 
the protein was determined. 


TABLE I 


Irreversible Fixation of Formaldehyde by Indole Derivatives and Proteins under 
Conditions of Analysis* 

















Substance | ee ~~ Souat per mole 
mole 
Indoleacetic acid... gs antes erie - 0.56 
Tryptophane... aa 0.65 
Benzoyltryptophane 0.67 
Acetyltryptophane 0.59 
2,3-Dimethylindolef.... 0.33 
Chymotrypsinogen... hairs es 0.83 
Lysozyme...... idiot 0.72 
Gramicidinf..... 0.0 








*5.7 mg. (0.19 mm) formaldehyde were added to 10 to 20 mg. of simple indole 
derivative or 100 mg. of protein in 50 ml. of 1 Nn sulfuric acid and distilled until fumes 
filed the distillation flask. Under the same conditions cysteine bound 0.45 equiva- 
lent of formaldehyde. Tyrosine, histidine, acylhistidines, and proteins free from, 


) or very low in tryptophane (bovine serum albumin, globin, cattle hoof keratin, 


gelatin, insulin), bound no significant amounts. 

t Distils with steam simultaneously with the formaldehyde. 

{ The insolubility and resistance to hydrolysis of gramicidin probably account 
for its inability to bind formaldehyde under these conditions. 


Special methods had therefore to be used in order to determine the extent 
of combination of formaldehyde with tryptophane in peptide linkage. 
The peculiar properties of gramicidin made it a most useful experimental 
material for this purpose. Its insolubility in water permitted its quantita- 
tive removal from reaction mixtures which could then be analyzed for 
residual formaldehyde, with or without distillation. The absence of 
amino, amide, and guanidyl, the usual polar groups that bind formaldehyde 
reversibly (2, 3), made it possible to attribute all formaldehyde bound by 
gamicidin after thorough washing to combination with its numerous 
tryptophane residues. The amount bound was ascertained (a) by differ- 
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ence between the amount added and that found in the combined super- “ 
natant and wash solutions, and (b) by elementary analysis of the derivative, 
When simple indole derivatives and acyltryptophanes were used as model | ” 
, substances, the decrease in the formaldehyde content of reaction mixtures | - 
was determined directly, without distillation and without separation of | “ 
| the reaction product, by the addition of dimedon and buffer (20, 2, 3). : 
Since the acylamino acid side chain binds no formaldehyde,’ the total = 
amount bound by all model compounds used could be attributed to com- 
bination with the indole group. The data obtained by this technique were | °™ 
{ at times checked and confirmed by repeated precipitation and resolution | -: 
of the indole derivatives with water and alcohol and ultimate analysis an 
of the pooled supernatant solutions for residual formaldehyde. Character- r 
ization of the modified reaction products or recovery of the unchanged she 
indole derivatives supplied the final proof for the occurrence and the nature in 
of the reaction. ie 
Tryptophane Analysis—All 3-substituted indole derivatives, upon | Alk 
reaction with formaldehyde, lose their ability to give a blue color with wh 
Ehrlich’s reagent and give instead a purple color of lessened intensity if to7 
| read with the usual red filter. This color test is similarly altered in form- 0 
aldehyde-treated proteins and hence supplies a quantitative estimate of — 
the extent of reaction of their tryptophane residues. The analyses were Res 
performed according to Horn and Jones (22), either on unhydrolyzed ous 
proteins or on enzymatic digests (pancreatin). Alkaline hydrolysis could | spec 
not be used, since it was found that strong alkali regenerated the chromo- ne 
genic activity. In addition, alkaline hydrolysis was found to cause some | mal 
destruction of the tryptophane in chymotrypsinogen (Table IV) and | M 
lysozyme. Acid hydrolysis also causes destruction of tryptophane, Wall 
particularly in the presence of formaldehyde. oe 
Since gramicidin and methylol gramicidin are resistant to enzymatic aot 
digestion, these were analyzed either unhydrolyzed, in 50 per cent acetic 
acid solution, or after acid hydrolysis (16). Acid hydrolysis, even though ‘1 
performed in evacuated Thunberg tubes, led to formation of considerable (26) t 
amounts of humin in the case of methylol gramicidin (about 25 per cent phane 
of the nitrogen was rendered insoluble) but not with gramicidin itself, ‘A 
: : : : . : phenc 
the tryptophane of which is resistant to acid hydrolysis with these acid ( 
precautions. at —1 
The Folin method for the determination of combined phenols and indoles found 
was sometimes used as an additional technique. The buffer and reagent, 12.2 pr 
prepared and diluted according to Herriott (23), were added simultaneously ond : 
? As shown in many control experiments with several acylamino acids in the course was fo 
of this study. Carpenter (21) and Neuberger (8) have demonstrated the inability of tyrosi: 


benzoylalanine and benzoylhistidine to bind formaldehyde. 
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to the appropriately diluted sample and the color was developed during 1 
hour at 40°. By digestion of the protein with pancreatin (pH 8 for 3 days 
at 40°), the quantitative significance of the Folin values could be greatly 
increased, compared to those obtained on unhydrolyzed proteins. Direct 
analyses of intact proteins are known to yield values corresponding to only 
about 60 per cent of those expected; they have been found to be affected 
by the ease of denaturation of different derivatives (24, 25). In contrast, 
the chromogenic activity of pancreatic digests of all proteins studied 
except lysozyme’ corresponded closely to the sum of their known tyrosine 
and tryptophane contents. This method of hydrolysis has an additional 
advantage in that it minimizes the danger of reversal of the modifying 
reaction.‘ 

The formaldehyde derivatives of simple indoles and of chymotrypsinogen 
showed lowered chromogenic values with the Folin reagent. This observa- 
tion, however, did not facilitate the interpretation of the reaction mecha- 
nism, since the molecular requirements for a positive test are not known. 
Alkyl substitution of the indole ring did not greatly affect its chromogenic 
value with the Folin reagent. All indoles listed in Table LX gave from 50 
to 70 per cent of the color of tryptophane, on a molar basis. 

Other Analytical Techniques—Hydroxyl groups of gramicidin and 
methylol gramicidin were determined by quantitative acetylation (29, 14). 
Resorcinol and cetyl alcohol were 95 and 90 per cent acetylated under the 
conditions used. The solubility of gramicidin derivatives was estimated 
spectrophotometrically in a 25 per cent alcoholic medium (16). Nitrogen 
was determined by the modification of the Kjeldahl-Gunning-Amold 
method recently described by White and Secor (30). 

Materials—Generous supplies of gramicidin were furnished by the 
Wallerstein Laboratories. Indole compounds, unless otherwise described, 
were commercial products. 2,3-Dimethylindole was synthesized by the 
method of Snyder and Smith (31). 1,2-Dimethylindole-3-acetic acid 


* Lysozyme had to be digested with pepsin after heat denaturation in acid solution 
(26) to release its complete chromogenic value (12.4 per cent, calculated as trypto- 
phane; see foot-note 6). 

‘As an example, this technique has proved useful in establishing the number of 
phenol sulfate groups formed upon sulfation of proteins with concentrated sulfuric 
acid (27). An unhydrolyzed sample of insulin that had been sulfated for a short time 
at —18° appeared to contain 5.7 per cent tyrosine compared to the value of 8.9 per cent 
found with unhydrolyzed insulin. In enzymatic digests absolute values of 7.7 and 
12.2 per cent were obtained, respectively. The latter value agrees with that obtained 
after acid hydrolysis. The former, when corrected for the amount of sulfate in- 
troduced, indicates that 30 per cent of the tyrosine had been sulfated. This product 
was found to have high hormonal activity (28). In contrast to the sulfate, O-acetyl- 
tyrosine was not stable under the conditions of enzyme digestion used. 
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was prepared from the methylphenylhydrazone of ethyl levulinate, as 
described by Degen (32), except that the condensation was carried out 
in glacial acetic acid and was catalyzed by boron trifluoride as described 


TABLE II 


Rate of Reaction of Gramicidin and Indole Derivatives with Formaldehyde at 
Room Temperature* 





Moles formaldehyde bound per mole indole residue 



































Final | 
Kolck pat | 2s | ates. | 6hrs. | 24 hrs. | 3 days | 7 days | 1-12 
| hrs. | . le . ys ays | days 
Gramicidin.............. | 11.3 | 0.8t | 1.0 | 0.9 | 1.0 
Skatole. . 11.3 | 0.8 | 0.7 | 0.9 | 0.7 | 0.8 | 0.8 | 09 
«“ 3.5 | | 0.2 | | 0.4 0.8 
Acetyltryptophane 7 0.3 0.6 | 0.8 
Indoleacetic acid...........] 11.3 0.8 | | 0.9 | 0.9 
“ =. 7§ | 0.3 | (0.5 1.0 
«“ a a. | | 0.7 
2,3-Dimethylindole. 11.3 | 0.5 | 0.5 | 0.4 
« 3.5 (0.6 0.6 
1,3-Dimethylindole.........| 11.3 | | | 0.1 0.1 
1,2-Dimethylindole-3-acetic 
acid 11.3 | | 0.0 0.0 











* The reaction conditions were as follows: 1 mm of the indole derivative or 200 to 
400 mg. of gramicidin were treated with 5 to 7 mm formaldehyde in a final total 
volume of 10 ml. Sodium hydroxide, phosphate buffer, pH 8.0, or acetic acid was 
added to final concentrations of 0.03 m, 0.14 m, or 0.15 M respectively. With the 
exceptions noted in foot-note § the medium contained 4 to 6 ml. of alcohol. At the 
end of the specified time period, 1 ml. of the reaction mixture was diluted first with 
3 ml. of alcohol and then with water to 10 ml. 3 ml. of the diluted solution were 
added to a mixture of 50 ml. of dimedon solution and 75 ml. of acetate buffer (20). 
After 24 hours, the precipitate was filtered, dried, and weighed. If contamination 
of the precipitate with the indole reaction product was suspected, nitrogen analyses 
were run. The results were uniformly negative. With gramicidin, the reaction 
product was precipitated by the addition of aqueous 0.1 m sodium chloride. After 
being centrifuged and carefully washed, the product was dissolved in alcohol and 
again precipitated and washed. The combined supernatant solutions and washings 
were analyzed for formaldehyde by the dimedon method. 

t Measured after dilution with 2 to 3 volumes of water. 

t That the reaction was practically complete in 2.5 hours was also indicated by the 
fact that this preparation contained only 20 per cent of the hemolytic activity of 
gramicidin in vitro (15, 16). 

§ In aqueous media. Indoleacetic acid was insoluble at pH 3.5 but gradually went 
into solution during the course of the reaction. 


for other indole compounds by Snyder and Smith (31). The properties 


agreed with those in the literature. Chymotrypsinogen was a commercial 
preparation that had been recrystallized eight times by E. F. Jansen. 
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Crystalline lysozyme was kindly furnished by H. L. Fevold and G. Alderton. 
Tobacco mosaic virus was obtained through the courtesy of W. M. Stanley. 


TaB_e III 
Effect of Reaction Conditions on Properties of Formaldehyde-Treated Gramicidin 











Reaction conditions* Productst 
_ | Hydroxyl 
femaliehe® Medium Temper | Nitrogen | 2yypte pSroupet, |Solubilityd 
per cent *C. per cent per cent mg. per cent 
15.0 0.2 m (COOH); 70 12.7 <5 10 
11.3 0.35 n CH,;COOH 70 12.5 <4 6 
2.4 0.15 ** 53 14.2 24 7 0.2 
11.3 70 13.7 23 
7.5 53 14.0 <8 10 0.6 
2.5 70 13.6 32 
0.4 0.002 n NaOH 53 14.1 <8 11 0.6 
7.5 CCG" * 53 13.6 <8 22 1.8 
2.4 0.03 “ * 53 13.7 <8 22 2.3 
2.4 —a* Room 13.6 <8 23 2.6 
0.5 oe 53 13.6 <8 
0.1 — 53 13.9 16 
15.0 a * | 53 13.5 <8 25 2.3 
Control 14.5 38 6 0.6 























* In most cases, 4 to 20 per cent formaldehyde solution and 1 n acid or 0.1 N alkali 
were added to 400 mg. of gramicidin dissolved in alcohol, in order to give the desired 
end-concentrations, and the mixture was diluted to 10 ml. The alcohol concentra- 
tion was 40 to 60 percent. Reaction time, 2 days at 53° or 70°, 7 days at room tem- 
perature. 

t Antibacterial activities were as follows: the products prepared at 70° and 53° in 
acetic acid <10 and 73 per cent, respectively; that prepared at neutrality, 93 per 
cent; and the products of complete reaction in alkali, 81 to 96 per cent of the activity 
of gramicidin. The hemolytic activities in vitro were 10 to 15 per cent for the latter 
preparations and 50 to 100 per cent for those prepared at 53° at neutrality and in 
acetic acid. The methods of assay were those described elsewhere (11). 

} Analyzed without hydrolysis in 50 per cent acetic acid solution; approximate 
values. An atypical purple color was obtained in all samples designated as contain- 
ing <8 per cent. 

§ By quantitative acetylation (19). 

| In 25 per cent aqueous alcohol containing 0.125 n sodium chloride (12). 

{ Gramicidin exposed to strong alkali showed slightly lowered N (14.2 per cent) 
and unchanged tryptophane contents. Treatment with acetic acid at 70° gave a pro- 
duct containing 14.2 per cent N and 34 per cent tryptophane. 


DISCUSSION 


Extent of Reaction—The data in Table II show that gramicidin in alkaline 
solution reacts rapidly with formaldehyde, binding almost 1 equivalent 
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for each tryptophane residue. The reaction proceeds rapidly at room 
temperature and at low formaldehyde concentrations in the presence of 
0.02 n or higher concentrations of alkali (Tables II and III). In neutral 
solution little formaldehyde appears to be bound. In acid solution the 
reaction proceeds only at high formaldehyde concentrations and temper- 
atures. 

In contrast to gramicidin, acyltryptophanes and simple 3-substituted 
indoles react at room temperature in acid and neutral as well as in alkaline 
solution, although at somewhat slower rates (Table II). Like the trypto- 
phane of gramicidin, these model substances bind almost 1 equivalent of 
formaldehyde. 

Tryptophane analyses of formaldehyde-treated chymotrypsinogen, a 
protein particularly rich in this amino acid® (33), demonstrated that the 
indole groups of a typical protein, like those of gramicidin, react rapidly 
and even at low formaldehyde concentration in alkaline solution, but not 
appreciably below pH 8 to 9 (Table IV). Similar results were obtained 
with tobacco mosaic virus (Table V) and lysozyme, although the insolu- 
bility of the alkaline formaldehyde reaction products of these proteins 
prevented as complete a study as was possible with chymotrypsinogen.’ 


5 Previously, elevated temperatures (53°) had been used for the gramicidin-form- 
aldehyde reaction (15). The instability of formaldehyde in warm alkaline solution 
and the possible effect of indoles on its stability in such solutions rendered quanti- 
tative work at 53° difficult to control. Main emphasis has therefore been placed in 
this publication on the more reliable results obtained at room temperature. How- 
ever, the properties of methylol gramicidin are the same, whether prepared at room 
temperature or at 53° (in alkaline solution). 

* Of all proteins studied, lysozyme alone had a higher tryptophane content, that 
is, 8.0 per cent, corrected for moisture, when analyzed (22) either unhydrolyzed or 
after enzymatic digestion. After alkaline hydrolysis or acid hydrolysis in evacuated 
Thunberg tubes, about 4.6 per cent tryptophane was found, compared to 3.8 and 3.3 
per cent for chymotrypsinogen under the same conditions. Gramicidin, after acid 
hydrolysis in Thunberg tubes, appeared to contain 38.1 per cent tryptophane. 

7 The finding of Ross and Stanley (35) that formaldehyde treatment at pH 7 re- 
duced the Folin color of unhydrolyzed tobacco mosaic virus was confirmed. How- 
ever, tryptophane analyses (22), both on the intact protein and after enzymatic 
digestion, indicated that there was no appreciable difference between this derivative 
and the original protein (2.5 to 2.7 per cent), while the formaldehyde derivate pre- 
pared at pH 11 contained less than 1 per cent unchanged tryptophane. It appears 
that the Folin color of the intact protein, which corresponds to only 53 per cent of the 
potentially reactive groups, is decreased non-specifically after formaldehyde treat- 
ment. Miller (25) found this to be the case for certain acyl derivatives of the virus 
unless they were previously denatured. Analyses with the Folin reagent after enzy- 
matic digestion confirmed the tryptophane analyses in showing that there was no 
decrease in chromogenic activity after formaldehyde treatment at pH 7, but a marked 
decrease after treatment at pH 11. Ross and Stanley’s results are thus to be in- 
terpreted as reflecting a decreased availability of the tryptophane and tyrosine 
residues to the Folin reagent after formaldehyde treatment at pH 7.0 rather than 
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Reaction conditions* 


TaBLe IV 


Reaction of Tryptophane Residues of Chymotrypsinogen with Formaldehyde 
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Analytical conditions 
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Formal- Tryptophane af ee 
—_ Final pH Buffer - ; 
tration | Unhydrolyzed | PRamatie | | Aieate | Paieer’ 
percent | | per cent per cent per cent per cent 
1 } 11.5 None <0.6§ <2.3§ 3.3 4.7 
1 | 10.1 Phosphate <0.7§ <3.1§ 
l 9.1 None 4.3 3.8 
1 8.8 Borate] 4.9 4.2 | 
1 7.6 None 5.8 5.0 
1 | 7.5 Phosphate _| Insoluble 4.8 | 
: | 6.2 None | ’ 5.4 
5 RE. = | <0.6§ <2.6§ 3.4 4.6 
5 7.4 Phosphate | Insoluble 4.2 
10 3=| «(10.5 None | <1.08 <2.0§ 3.4 4.7 
10 | 8.2 “ 3.9 3.3 
10 | 7.3 Phosphate 5.0 3.9 
10 6.0 None Insoluble 3.4 
10 3.8 - 6.1 
10 2.8 5.1 
None 11.7 “ «6.0 5.3 3.8 | 9.0 
Control | | 5.8 5.86 | 38 | 10.1 
* 50 mg. of chymotrypsinogen were allowed to react in a total of 3to4ml. When 
buffers were used, these were present in approximately 0.1 m concentration. Other- 
wise the pH was adjusted with 1 n sodium hydroxide or 1 N hydrochloric acid. After 


reaction for | day at room temperature, the protein was isolated by dialysis and dried 
by lyophilization. The yields averaged 90 per cent. Rate studies indicated that, 
at pH 11 to 11.5, the reaction had already proceeded to completion in 1 hour with 
formaldehyde concentrations of 0.3 or 1.2 per cent. 

+ Prepared as follows: To 5 to 10 mg. of the protein or protein derivative were 
added 1 ml. of H,O, 0.1 ml. of 3.4 m phosphate buffer (pH 7.6), and 0.5 ml. of a centri- 
fuged aqueous extract (10 ml.) of 10 mg. of commercial pancreatin. The mixture 
was held at 40° for 3 days, and then diluted to 10 ml. If solids were still present, 
they were removed by centrifugation, washed, dried, and weighed. Aliquots of the 
soluble fraction were subjected to colorimetric, and generally also Kjeldahl, analyses. 

{Calculated as tryptophane. Without hydrolysis, the values were 3.2 and 3.6 
per cent, after alkaline hydrolysis 8.7 and 9.6 per cent, respectively, for treated and 
control preparations. 

§ Based on readings of an atypical purple color. 

|| Under conditions patterned after a technique of toxoid formation (34), that is, 
upon treatment with 0.25 per cent formaldehyde in borate buffer, pH 8 to 9, for 2 
weeks at 40°, the apparent tryptophane content of chymotrypsinogen was reduced 
to 2.0 per cent. 

{ When formaldehyde was added tothe digest (1.2 per cent of the protein), only 
4.2 per cent tryptophane was found. 
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Mode of Combination of Formaldehyde—Earlier investigators (7) have 
shown that the stable reaction product of tryptophane with formaldehyde 
is a cyclic compound (2,3,4,5-tetrahydrocarboline-4-carboxylic acid), 
the formaldehyde creating a methylene bridge between the amino group 
and the a-carbon atom of the indole nucleus. It remained to be determined 
whether formaldehyde acted on tryptophane in peptide linkage in a similar 
manner, yielding acyltetrahydrocarbolinecarboxylic acid derivatives, or 
whether the aldehyde was bound in some other manner, the most likely 
being an addition, as a methylol (hydroxymethyl) group, to the indole 


TaBLe V 
Reaction of Tryptophane Residues of Tobacco Mosaic Virus with Formaldehyde 

















Reaction conditions* Analytical s 
— Phenol + indolet Trvptophane 
hyde concen- Buffer Final pH = 3 IE tic] Akal 
tratio zymatic : , nzymatic aline 
a Unhydrolyzed digestt Unhydrolyzed dicest? hydrolysis 
per cent per cent per cent per cent per cent per cent 
2 Phosphate 7.0 0.65 6.3 2.7 2.6 2.7 
1.4 None 11.0 | Insoluble; 4.6 Insoluble} <1.0§ 2.4 
Control 3.5 6.6 2.5 2.6 3.1 























* The experiments at neutrality were patterned according to Ross and Stanley 
(35): 3 per cent protein in 0.1 m, pH 7, phosphate buffer. To obtain the alkaline 
medium 0.5 ml. of Nn NaOH was added to 3.5 ml. of this virus solution, then water 
(1.5 ml.) to give a final protein concentration of 1.9 per cent. Reaction was per- 
mitted to proceed for 20 hours at room temperature. 


+ Calculated as tyrosine. 
t Both untreated tobacco mosaic virus and that treated with formaldehyde at pH 


7.0 had to be heat-denatured before enzyme digestion could proceed to such an 
extent that there was maximum release of Folin chromogenic activity. This was not 
necessary for chymotrypsinogen, serum albumin, and insulin. With regard to 
lysozyme, see foot-note 3. 

§ Based on an atypical purple color. 


nucleus. The properties of the formaldehyde derivatives of gramicidin 
clearly indicate the formation of methylol groups. Thus, elementary 
analyses agree with the methylol but not with the methylene formulation 
(Table VI). Further, quantitative acetylation (29) indicates the appear- 
ance of about one new hydroxy] group for each equivalent of formaldehyde 
combining with each tryptophane residue (Table III). The number of 
hydroxyl groups introduced can consequently be used as an additional 





indicating actual combination of these residues with formaldehyde. The observation 
of Ross and Stanley that simple indoles react with formaldehyde at pH 7 is confirmed 
in the present study. 
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means of ascertaining the rate of, and the conditions favoring, the gramici- 
din-formaldehyde reaction (Table III). The introduction of methylol 
groups into gramicidin is in line with the increased water solubility of 
the formaldehyde derivative (Table III) (16). 

Further confirmatory evidence for the methylol configuration is derived 
from the comparative lability of the linkage. Treatment of methylol 
gramicidin with hot aqueous sulfuric acid, either under the conditions of 
hydrolysis and distillation used to determine reversibly bound formalde- 
hyde or of the chromotropic acid method (19), liberated one-fifth to one- 
third of the formaldehyde bound by gramicidin. That the liberated 
formaldehyde was not merely adsorbed was indicated by the constancy of 




















TABLE VI 
Composition of Gramicidin and Methylol Gramicidin* 
H 1 
C H N an, 
104 gm.t 
per cent per cent per cent 
SE o's ou scm civinhs Ueedik bah aaa ene aad 62.8 7.44 14.5 6 
Gramicidin-formaldehyde product......... 61.2 7.40 13.6 25 
Calculated for methylol yw eee 7.40 13.7 24 
“ “gppieiene |” | ES. 7.62 14.1 6 





* Averages of repeated analyses on many preparations, on a dry basis. 

t By quantitative acetylation (29). Model substances gave values of 90 to 95 
per cent of the theoretical. 

t From the known amino acid composition of gramicidin, Synge (36) calculates 
that 144 C atoms should be present for 30 N atoms. The data of Hotchkiss and 
Dubos (13), Tishler (37), and the analyses recorded here indicate 148, 153, and 152 C 
atoms for each 30 N atoms, respectively. 

§ Based upon the assumption that gramicidin contains 40 per cent tryptophane 
(14, 16, 36) (19.6 residues per 10‘ gm.) and that each typtophane residue adds one 
methylol (or methylene) group. 


this value for many different preparations, including both extensively 
heated and repeatedly recrystallized samples (1). Reactive phenolic 
methylol compounds, such as 2,6-dimethylol p-cresol, are known to release 
some formaldehyde under similar conditions (38). Model experiments 
showed that under the distillation conditions used with gramicidin methylol 
skatole and methylol 2 ,3-dimethylindole released 0.20 and 0.53 equivalents 
of formaldehyde, respectively. 

More striking is the effect of sodium hydroxide on methylol gramicidin. 
This agent seems to split off the methylol group quantitatively. Thus, 
alkali-treated methylol gramicidin shows the full chromogenic value of the 
original gramicidin. Its hydroxyl groups are reduced to the number 
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occurring in the original gramicidin, and it corresponds in elementary 
analyses closely to a control sample of gramicidin treated with alkali and 
isolated in the same manner (Table VII). Skatole and 2,3-dimethyl- 
indole could be regenerated from their respective methylol derivatives 
under the same conditions. The chromogenic activity of other simple 
indoles, abolished by reaction with formaldehyde, is also largely restored 


























Tasie VII 
Effect of Alkali on Methylol Gramicidin 
Conditions of treatments* Analytical results 
Tryptophane content Hydroxyl 
Sodium hydroxide concentration Temper. | ——_____— 7 io N que ie 
| ature Unhydro- Acid- 104 gm.§ 
| lyzedt hydrolyzedt 
| oy | °c, per cent per cent per cent 
. . . | . | , - | ] 
Methylol gramicidin None | <109 | (<7.5)9** | 13.6 | 25 
| 5 | 7 37-47 | 34.5 | 
| 6 40tt 35-45 36.2 14.2¢f | 6 
5 23 27 
l 23 <149 
0.1 | 23 <87 | | 
Gramicidin None | 35-45 38.1 | 14.5 6 
| 5 | 40 | 34.1 | 14.2% | 








* In aqueous suspension. Reaction period, 1 day. When high temperatures were 
used, insoluble products were obtained. 

t Approximate values. The curve for unhydrolyzed gramicidin does not coincide 
with the standard curve for tryptophane. 

t By a mixture of glacial acetic acid and 6 N hydrochloric acid (0.8:3) 18 hours 
at 100°. 

§ Calculated on the basis of the original gramicidin. 

§ Based on the atypical purple color. 

** Insoluble humin (containing 25 per cent of the total nitrogen) separated during 
hydrolysis. 

tt This preparation contained 55 per cent of the hemolytic activity of gramicidin, 
compared to the value of 10 to 20 per cent found with numerous preparations of 
methylol gramicidin. 

tt These alkali-treated preparations of gramicidin and methylol gramicidin also 
had identical carbon (61.4, 61.4 per cent) and hydrogen (7.3, 7.3 per cent) contents. 


by the action of sodium hydroxide (Table VIII). It is not surprising that 
1 ,3-dimethylindole forms an exception, since this compound was found to 
yield a 2-methylene rather than a methylol derivative. 

The tryptophane in formaldehyde-treated proteins was found to resemble 
that of methylol gramicidin in regaining much of its chromogenic value 
upon treatment with sodium hydroxide (Tables IV and V). This may be 
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taken as evidence that protein indole groups, like those of gramicidin, add 
the formaldehyde as methylol groups, an assumption which could not as 
readily be proved by analytical means for proteins as it could be for 
gramicidin .* 

Location of Methylol Groups—The location of the methylol groups on the 
indole nucleus remains to be discussed. As previously mentioned, 3- 
substituted indoles lose, upon reaction with formaldehyde, their chromo- 
genic activity with the p-dimethylaminobenzaldehyde reagent. The same 
is the case with 1,3-dimethylindole (Table VIII). These observations 
appeared to provide evidence favoring addition of the formaldehyde to 


TaBLe VIII 


Chromogenic Values of Indoles and Formaldehyde Devivatives by Horn-Jones (22) 
Method for Tryptophane* 














Molar 
Compound chromogenic Comments 
value 
per cent 
a nics na pakalen Saab etdnialt daa eae ine 78 Blue-gray, fades 
TO inns hones: Ones eades dese aaa 0 Brownish 
BenzoyltryptophdMe staal Lee 4 Blue, fades 
: formaldehyde-treated (pH 
3.5) . PE ee TT ap vee ae Pee near ion 34 Purple 
Indoleacetic acid. . Meee SPs. | 88 Blue, fades 
- ‘«  formaldehyde-treated (pH 7).. 17 Purple 
1,3-Dimethylindole. . 57 
Methylene bis(1,3-dimethylindole)f. . . es 0 Faint red 





* 2,3-Dimethylindole and carbazole (2,3-phenyleneindole) gave no color at the 
usual time of reading and a slow development of a bluish color later. 

t Treatment with 5 N sodium hydroxide at 53° for 18 hours regenerated chromo- 
genic activity from methylol skatole but not from methylene bis(1 ,3-dimethylindole) 


(ef. Table VII). 


the 2-carbon atom, since all indoles with free 2 positions, and only these, 
give this typical intense blue color.® 

Further evidence for the location of the methylol groups was sought on a 
more strictly chemical basis than was afforded by colorimetry. The fact 


* At elevated temperatures (70°), formaldehyde caused marked losses in the trypto- 
phane chromogenic activities of proteins even at neutrality, apparently more readily 
than is the case for gramicidin under such conditions. This has been tentatively 
attributed to the formation of methylene bridges between aminomethylol groups 
and indole rings. This reaction will be discussed in a subsequent publication in 
conjunction with similar reactions involving other cyclic amino acid residues. 

* However, a slow development of a purple-blue color was observed with carbazole 


and 2,3-dimethylindole. 
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that skatole and indoleacetic acid and its homologues bind up to 
1 equivalent of formaldehyde agrees with the combination of the aldehyde 
with either the nitrogen or the a-carbon atom, without favoring either 
position (Tables II and IX). It serves to exclude the side chain of trypto- 
phane from playing a réle in the reaction. The properties of our methylol 
skatole, however, differ significantly from those ascribed by Plant and 
Tomlinson (39) to 2-methylol skatole. Particularly, the lability of the 
skatole-formaldehyde reaction product in alkali differentiates it from the 
known hydroxymethylindoles and favors its formulation as an N-methylol 
compound. 
TaBLe [IX 
Reaction of Simple Indole Derivatives with Formaldehyde* 











Formaldehyde bound 





Compound Final pH per mole compound 

mole 
Benzoyltry ptophane 6.8 0.9 
Indole-3-propionic acid 6.8 0.9 
Indole-3-acetic acid 6.8 1.0 
Skatole 11.1 1.0 
| 3.5 » «0.6 
2,3-Dimethylindole 11.1 0.5 
| 3.5 0.7 
1,3-Dimethylindole 11.1 0.1 

3.5 0.4t 
1,2-Dimethylindole-3-acetic acid 11.1 0.1 








* 1 mM of compound was allowed to react with 4 to 8 mm of formaldehyde in 10 
ml. total volume for 2 days at 53°. The alkaline reaction mixtures contained 
0.03 nN sodium hydroxide; acid mixtures, 0.1 N acetic acid. 

+t The reaction product crystallized and was identified as methylene bis(1,3- 
dimethylindole). Thus, the reaction had proceeded to about 80 per cent completion. 


A comparison of the reactivity of 1 ,3- and 2,3-dimethylindoles towards 
formaldehyde should demonstrate unequivocally the mode of attachment 
of the methylol group. The results obtained with these model indoles 
were, however, not quite conclusive (Tables II and IX). Both at room 
temperature and at 53°, 2,3-dimethylindole bound about 0.5 equivalent 
of formaldehyde in alkaline and acid media. The reaction product was 
separated from unchanged 2,3-dimethylindole and found to correspond to 
methylol dimethylindole in its composition. In contrast, 1,3-dimethyl- 
indole did not react appreciably in alkaline solution; in acid solution a 
crystalline product which separated proved to be methylene bis(1,3- 
dimethylindole).'° (1 ,2-Dimethylindole-3-acetic acid bound no appreci- 


%” A small amount of a crystalline product (less than 10 per cent) could also be 
isolated from alkaline reaction mixtures. Its nitrogen content (9.2 per cent) cor- 
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able amounts of formaldehyde in either alkaline or acid solution.) Thus, 
it appears that, in alkaline solution, only 2,3-dimethylindole combines 
with formaldehyde, although the reaction does not proceed as readily and 
completely as it does with indoles substituted only in the 3 position. The 
properties of methylol skatole and the behavior of the dimethylindoles 
thus favor the attachment of the formaldehyde to the nitrogen, while 
the colorimetric evidence pointed towards an involvement of the 2 position 
of the indole nucleus. By analogy with the behavior of phenols and with 
other indole reactions, one may assume that the formaldehyde primarily 
reacts with the nitrogen but then may rapidly migrate to the 2 position 
if this position is unsubstituted. However, it is equally possible that the 
migration of the methylol group to position 2 occurs only during the 
colorimetric test, which is always performed in hydrochloric acid. This 
possibility is supported by the observation that both methylol gramicidin 
and methylol skatole undergo immediate reactions when treated with 
hydrochloric acid at room temperature or at 0° in glacial acetic acid solu- 
tion. Both methylol products are transformed into yellow to red-brown 
precipitates, while unmodified gramicidin and skatole are unaffected by 
similar treatment. The nitrogen content of neither methylol compound 
is altered, but their chromogenic activities can no longer be regenerated by 
treatment with alkali. Thus, while it has not been possible to crystallize 
the acid-treated methylol skatole or to identifiy it with Plant and Tomlin- 
son’s (39) 2-methylol skatole, indications are that the acid conditions of 
the test cause the change responsible for the loss in chromogenic activity 
of formaldehyde-treated indoles. Thus, the evidence favors the attach- 
ment of the methylol group to the nitrogen as indicated by formula I." 

Of two other attempted approaches to the problem, one has given no 
answer and the other favored the above conclusion. Acetic anhydride 
treatment of gramicidin in glacial acetic acid (in contrast to pyridine) has 
been found to yield a product containing considerably more acetyl groups 
than correspond to its hydroxyl content, which thus have been allocated 
to the only other polar groups, that is, the indole groups (16). Since this 
product had the full chromogenic value of gramicidin and gave off acetic 


responded to methylene bis(1,3-dimethylindole); yet it differed from this product, 
as formed in acid media, by a slightly higher melting point (158°). The mixed melting 
point between the two showed a marked depression (125-130°). 

"Other gramicidin derivatives carrying substituents on the indole nitrogen, 
notably the sulfamate and the acylated products, show the chromogenic value cor- 
responding to their original tryptophane contents (16). The different behavior 
of these and the formaldehyde derivative is understandable in view of the known 
reversibility, by acid hydrolysis, of all but the formaldehyde fixation. Thus the 
sulfate group or various acy! groups tend to be split off rather than to migrate to the 
2 position. 
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acid upon acid hydrolysis, it was regarded as a l-acetyl derivative" It 
was hoped that formaldehyde treatment of this material might throw light 
on the mechanism of the formaldehyde reaction. However, no conclusions 
could be drawn from the observed ability of this derivative to react with 
formaldehyde, since the acetyl groups were found to be largely split off 
during the reaction with formaldehyde in alkaline solution. 

On the other hand, acetylation (in glacial acetic acid) of methylol grami- 
cidin introduced acetyl groups corresponding in number to the hydroxy] 
groups (25 per 10* gm.), but introduced no additional amount such as 
might have been expected if acetylation of the indole nitrogen had occurred 
(16). This may be regarded as additional evidence that the methylol 
groups are located in the 1 position. 

Preparative 

Methylol Skatole—To 786 mg. (6 mm) of skatole, dissolved in 40 ml. of 
ethanol, were added 2.25 ml. of nN sodium hydroxide and 30 ml. of 3.85 per 
cent aqueous formaldehyde. After 6 days at room temperature the 
mixture was diluted with much water, extracted twice with ether, and the 
ether washed with water until no more formaldehyde could be detected 
in the washings. The ether was dried and evaporated. The residue 
(857 mg., crystals and oil) was extracted with cold petroleum ether, then 
dissolved in benzene, and petroleum ether added. Crystals separated 
from both solutions (360 and 260 mg.), melting point 52° after recrystalliza- 
tion from benzene and petroleum ether. In contrast to skatole, this 
compound gave no color with tryptophane reagents (Table VIII). 


CyHyON. Calculated. C 74.5, H 6.9, N 8. 
Found. ea” Sok eS 


aN 


’ 


When 55 mg. of methylol skatole were suspended in 1 ml. of 5 N sodium 
hydroxide and heated to 53° for 2 hours, the crystals turned into an oil, 
then crystallized. The product was identified as skatole by melting point 
and mixed melting point. 

Methylene Bis(1 ,3-dimethylindole)—A solution of 1 ml. of 1 ,3-dimethyl- 
indole in 7.5 ml. of aleohol was mixed with 2 ml. of 38.5 per cent aqueous 
formaldehyde, and 0.5 ml. of 3 m acetic acid and held at room temperature 
for 7 days. The deep red solution deposited crystals which were isolated 
after cooling, and washed with cold alcohol. Yield, 540 mg. Recrys- 
tallization from alcohol yielded colorless crystals, m. p. 138—148°. 


7.3, N 9.3, mol. wt. 302 
7.3, ** 9.2, “© “ (Rast) 327, és 


Cy HeNo. Caleulated. C 83. 
Found. * $3.3 


The same compound but in somewhat smaller yield (303 mg.) was obtained 
after a similar mixture had been heated at 78° for 2 hours. 
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Methylol 2,3-Dimethylindole—725 mg. (5 mm) of 2,3-dimethylindole 
were treated with formaldehyde as was skatole. After 4 days at room 
temperature, a 1 ml. sample was diluted for formaldehyde analysis (which 
indicated that 0.49 equivalent had been bound by the indole). The rest 
of the solution was worked up as above. From the residue (743 mg.), 
unchanged starting material was extracted with boiling petroleum ether 
(b. p. 30-60°). The residue from this operation (340 mg.), after recrystal- 
lization from benzene-petroleum ether, melted at 98—100°. 


'o 


C),H,yON. Caleulated. C 75.5, H 
75.5, ‘ 


4,N 8.0 
Found. 5, 


ce 7.9 


~ 


Treatment of 38 mg. of methylol 2,3-dimethylindole with 5 N sodium 
hydroxide at 53° for 20 hours, yielded 29 mg. of 2,3-dimethylindole, char- 
acterized by melting point, mixed melting point, and nitrogen analysis 
(9.7 per cent). 


Comments 


The present investigation has demonstrated that formaldehyde reacts 
with gramicidin only on the tryptophane residues. The fact that the 
toxicity is thereby decreased, whereas the antibacterial activity is retained 
(15, 16), suggests that tryptophane residues in other biologically active 
compounds may also play an important réle in mediating their activities. 
For example, the mode of detoxication of toxins with formaldehyde to 
form toxoids has often been the subject of speculation. The work of 
Farrell (34), as confirmed by Dubos and Geiger (40), with Shiga toxin 
suggests that the reaction of formaldehyde may be that of combining with 
part of the indole residues. This worker found that incubation of the 
crude toxin with 0.5 per cent formaldehyde failed to detoxify the material 
even after 18 months at 37°. By adjustment of pH, he observed a reduc- 
tion of toxicity to one-seventh at pH 6.7 and to one-fiftieth at pH 8.2, 
without loss of the antigenic activity. The maximum loss of toxicity 
and retention of antigenicity were observed at pH 8.5 after 2 weeks at 37°. 
Under similar conditions, the tryptophane residues of chymotrypsinogen 
reacted to about 67 per cent (Table IV, || foot-note). Although various 
other polar groups react with formaldehyde under such conditions, none 
of these reactions is known to be as dependent upon an alkaline pH as is 
that of the tryptophane residues. Thus, a reaction mechanism analogous 
to that of gramicidin may be the basis of the formation of some formalin 
toxoids, as was suggested by Velluz (9). 

Any generalizations, however, would appear to be premature in view of 
the effectiveness of ketene (41) and of acetic anhydride in pyridine (42) for 
the preparation of some toxoids and vaccines. These acetylating agents 
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and conditions may not affect the indole groups of gramicidin,” nor have 
they been shown to act on these groups in any typical protein. 

Thus, there are indications that the desirable effects (reduction of 
toxicity without loss of antigenicity) may be produced by modifying the 
indole groups in some and the amino, or possibly both types of groups, in 
other toxic proteins. However, the tobacco mosaic virus protein, probably 
the most exhaustively studied in this regard, represents further problems, 
inasmuch as it is not inactivated by acylation of its amino groups (43), but 
is inactivated by formaldehyde (35, 44) under conditions in which few if 
any of its indole groups appear to react. 

It is of interest that “hydroxyalkylation” has been shown to reduce the 
toxicity of several pharmacologically active synthetic compounds (45), 


SUMMARY 


Gramicidin binds rapidly in alkaline solution an amount of formaldehyde 
equivalent to its tryptophane content. In acid solution the reaction 
proceeds only at high temperature and formaldehyde concentrations. 

The formaldehyde adds as methylol groups probably to the nitrogen of 
the indole rings. Formaldehyde is released only partially during acid 
hydrolysis, but completely and without damage to the gramicidin molecule 
in strong alkali. 

The chromogenic activity of the tryptophane residues is largely abolished 
through combination with formaldehyde and regenerated by strong alkali. 

The tryptophane residues of proteins appear to react with formaldehyde 
under the same conditions and in a manner similar to those of gramicidin 
At room temperature there is little reaction at pH 7 to 8, even at high 
formaldehyde concentration, but at pH 11 the reaction is completed rapidly, 
even at low formaldehyde concentration. 

All 3-substituted indole derivatives, including proteins rich in trypto- 
phane, bind formaldehyde in boiling n to 20 N sulfuric acid. 

Simple 3-substituted indoles bind up to 1 mole of formaldehyde at room 
temperature, both in alkaline and in acid solution. 2,3-Dimethylindole 
reacts incompletely, even at elevated temperature. 1 ,3-Dimethylindole 
reacts appreciably only in acid yielding methylene bis(1 ,3-dimethylindole). 
Pure methylol derivatives were obtained from skatole and 2,3-di- 

12 Experiments to introduce acetyl groups on the indole residues of gramicidin 
with ketene were ambiguous. A vigorous stream of ketene was passed into a suspen- 
sion of gramicidin in a 1 m solution of sodium acetate for 30 minutes (at 0°). The 
solution was kept slightly alkaline by the simultaneous addition of 1 m sodium 
hydroxide. The isolated gramicidin was found to have an acetyl content correspond- 
ing only to its hydroxyl groups (six per 10‘ gm.) but not to its indole content 
(19.6 per 10* gm.). Somewhat more acetyl was introduced when gramicidin was 
extensively ketenized in alcoholic solution. 
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methylindole. 1 ,2-Dimethylindole-3-acetic acid does not react with form- 
aldehyde. 


The authors are indebted to L. M. White and G. Secor for numerous 
elementary analyses, to J. C. Lewis for the assays for antibacterial activity, 
to K. P. Dimick for the assays for hemolytic activity, to B. G. Edwards for 
determinations of solubility, and to C. Cleaver, 8. Ahnger, and E. D. Ducay 
for valuable technical assistance. 
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NOTES ON THE USE OF REDISTILLED WATER AND OF 
AMYLOSE IN THE ESTIMATION OF SERUM IODINE 


By EVELYN B. MAN ano DOROTHY A. SIEGFRIED 


(From the Department of Psychiatry, Yale University School of Medicine, 
New Haven) 


(Received for publication, December 11, 1946) 


In the original description of the permanganate acid ashing micro- 
method for iodine determinations (1), the technique was given for redistil- 
lation of water from a reservior containing potassium carbonate or hydrox- 
ide. No data were presented to emphasize the importance of making the 
water alkaline and of redistillation. When tap water, which frequently 
contains more than 10 y of iodine per liter, is distilled in equipment of the 
type customarily employed in chemical laboratories, the product may con- 
tain more than 0.5 y of iodine per liter. This is as much as that present in 
10 ce. of serum from a euthyroid individual. A commercial “demineralizer” 
yielded water free of iodine for only a short time. On the other hand, when 
distilled water was made alkaline and redistilled in a glass flask, the product 
was regularly found to contain no determinable iodine in a 500 cc. sample. 

In the permanganate ashing method as previously described (1), the 
color in the visual titration may vary from pink to purple. When the 
“soluble” starch was replaced by amylose (2), the color was a clear blue, 
but the titers were found to vary appreciably with the concentration of 
amylose.!. For example, 0.05 cc. of 0.01 per cent amylose gave theoretical 
titers, but with 0.05 cc. of 0.025 per cent amylose, high titers were found; 
complete color did not develop originally in proportion to the micro amounts 
of iodine; photometric zero points of amylose-iodine solutions changed 
within 5 minutes or less in solutions containing salts and large amounts of 
sulfuric acid. 


BIBLIOGRAPHY 
1. Riggs, D. S., and Man, E. B., J. Biol. Chem., 134, 193 (1940). 
2. Liggett, L. M., and Diehl, H., Anachem. News, 6, 9 (1946); Chem. Abstr., 40, 2757 
(1946). 
‘Amylose in the form of a 20 per cent paste in butyl alcohol, obtainable from the 
G. Frederick Smith Chemical Company, was employed. 











119 











in 
for 
the 
Ko 
the 
uril 
of 1 


auf 
cha 


and 
nicc 


befc 


whi 
the 
line 


of w 
coul 
subs 
or 2 
chan 
appa 
than 


Shary 


versit 





DINICOTINYLORNITHINE: A METABOLITE OF 
NICOTINAMIDE IN THE CHICKEN 


By W. J. DANN anv JESSE W. HUFF* 


(From the Department of Physiology, Pharmacology, and Nutrition, and the 
Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, December 18, 1946) 


In the course of experiments on the effect of high levels of nicotinamide 
in the diet of the chick (1) an attempt was made to identify the form or 
forms in which the nicotinamide was excreted. Early attempts to identify 
the metabolites excreted by birds ingesting nicotinic acid had been made by 
Komori and Sendju (4), who gave daily doses of 1 gm. of nicotinic acid in 
the form of the sodium salt for 10 days both to a pigeon and toahen. The 
urine was collected and from the pigeon 3.5 gm. and from the hen 3.7 gm. 
of nicotinic acid were recovered; the authors wrote ‘Aus der von Nikotin- 
siure abfiltrierten Lésung konnten wir eine zweite Substanz nicht 
auffinden.”” The experiments described below show, however, that a 
characteristic derivative of nicotinic acid is excreted by the chicken.! 

Estimations of the nicotinic acid content of the droppings of chicks fed 
amash containing 2 per cent added nicotinamide were made by us before 
and after hydrolysis with 2 N alkali. It was found that the apparent 
nicotinic acid content after hydrolysis was 20 to 40 per cent higher than 
before, indicating the presence of a metabolite containing nicotinic acid 
and developing in the Kénig reaction less color than the nicotinic acid 
which it contained. Application of the method of Sarett (6) failed to show 
the presence of any methylated derivatives of nicotinic acid such as trigonel- 
line or N-methylnicotinamide in the excreta. 

When fresh droppings were boiled for an hour in 5 times their weight 
of water and centrifuged, the unchanged nicotinic acid plus metabolites 
could be concentrated by adsorption on Lloyd’s reagent at pH 0.6, and 
subsequent elution with 0.5 Nn KOH. Such elutes, on adjustment to pH 1 
or 2, were extracted continuously with ethyl ether, which removed un- 
changed nicotinic acid. The extracted aqueous solutions then had an 
apparent nicotinic acid content after alkaline hydrolysis 4.5 times greater 
than before, with the Kénig reaction with CNBr and metol. Of known 


*Nutrition Foundation Fellow. Present address, Medical-Research Division, 
Sharp and Dohme, Inc., Glenolden, Pennsylvania. 

Our thanks are due to the Nutrition Foundation, Inc., and to the Duke Uni- 
versity Research Council for grants in aid of this work. 

‘A preliminary account of this work has been published (2). 
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nicotinic acid derivatives nicotinuric acid shows the greatest ratio of 
apparent nicotinic acid contents after and before hydrolysis, its ratio being 
4.1. These measurements on partly purified extracts of chick droppings 
therefore indicate the presence of a previously unknown metabolite. 


Isolation of Metabolite 


Since the development of this work depended upon the use of a simple 
technique both for the identification and the quantitative estimation of the 
metabolite during the course of the isolation, a description of this technique 
is given first. 

Colorimetric Determination of Metabolite—The unknown substance can 
be measured quantitatively by the Kénig reaction for pyridine derivatives 
employing CNBr and aniline, according to the following procedure. To 
5 ml. of an aqueous solution of the metabolite there are added 5 ml. of 
ethanol (95 per cent), 1 ml. of 1 M phosphate buffer (pH 7.0), 4 drops of 
saturated aqueous aniline, and 0.4 ml. of 3 per cent CNBr solution. After 
standing 20 minutes the yellow color is measured in the Evelyn colorimeter 
against a reagent blank prepared in the same manner, with the 420 mg 
filter. A solution containing 15 y of nicotinic acid, treated as above, was 
used as the reference standard. Treatment of the metabolite with CNBr 
and aniline as described, following hydrolysis for 1 hour in 2 n KOH, 
resulted in a 6-fold increase in the color produced. The ratio of 1:6 of the 
color intensity before and after alkaline hydrolysis was used as an index 
to identify the unknown substance qualitatively. This method of employ- 
ing aniline instead of metol was used in place of the method of Perlzweig, 
Levy, and Sarett (5), on account of its greater speed. 

Isolation of Metabolite from Excreta—Droppings were collected over a 
period of 6 days from 3 to 4 week-old chicks maintained on a practical 
ration containing an added 2 per cent nicotinamide. After drying in an 
oven at about 125° for 24 hours, the excreta were ground to a fine powder, 
and weighed 640 gm. The dried material was extracted by boiling for 1 
hour with three 1 liter portions of absolute methanol. The alcohol was 
removed from the extract by vacuum distillation and the residue taken up 
in 200 ml. of water. 

This dark colored extract, which contained the metabolite as well as large 
amounts of unchanged nicotinic acid, nicotinamide, and other impurities, 
was adjusted to pH 3.5 with dilute H,SO, and placed in a continuous ether 
extractor for 48 hours. The ether extract at the end of this time contained 
all of the free nicotinic acid and nicotinamide present in the original 
extract, as well as a portion of the dark pigments. There was no loss of 
the metabolite by this process. 

The dark aqueous solution, now free of nicotinic acid, was warmed on 
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the steam bath to free it from ether and then cleared of pigments by 
stirring for 1 hour with 25 gm. of basic lead acetate. The filtrate after 
removal of excess lead with H:SO, was evaporated to about 100 ml. on the 
steam bath under a current of air. This solution was adjusted to pH 10 
with Ba(OH)s, distilled under vacuum until free of ammonia, and the so- 
lution was finally evaporated to near dryness. The last traces of water 
were removed by vacuum desiccation. 

The dried material, which is extremely hygroscopic, was extracted by 
stirring for 30 minutes with three 100 ml. portions of absolute ethanol at 
50°. The residue from this treatment contained insignificant amounts of 
the metabolite and was discarded. The alcoholic filtrates and washings 
were evaporated to about 150 ml. and placed in the ice box overnight. 
The dirty gray precipitate which formed was removed, washed with cold 
ethanol, and discarded. The alcoholic solution was evaporated almost 
to dryness, the residue taken up in 150 ml. of H,O, and the barium removed 
quantitatively with H.SO,. The BaSQO, precipitate was washed free from 
adhering amounts of the metabolite by boiling with water. The filtrate 
and washings were evaporated on the steam bath under a current of air to 
a thick amber-colored oil. 

The oil was taken up in 75 ml. of 95 per cent ethanol; 70 ml. of saturated 
alcoholic HgCl, solution were added and finally the solution was saturated 
with powdered HgCl,. The mixture was allowed to stand overnight at 
room temperature. The voluminous precipitate (43 gm.) was removed by 
filtration and boiled with three 50 ml. portions of 95 per cent ethanol. 
These alcoholic washings were discarded. The residue was then boiled 
with successive portions of water until the water washings no longer became 
cloudy on cooling. These washings were also discarded. There remained 
after this treatment 13 gm. of water-insoluble, amorphous HgCl, salt of 
the metabolite and of other substances. 

The amorphous material was ground to a fine powder, suspended in 75 
ml. of water, and the mercury removed with H.S. After filtering and 
washing the H.S precipitate with hot water, the filtrate and washings were 
evaporated almost to dryness. The dark oily residue was taken up in 50 
ml. of 95 per cent ethanol and treated with a saturated alcoholic solution of 
picrolonic acid. After standing for 2 hours, the solution was concentrated 
‘to one-half of its volume, cooled, and filtered with suction. The very dark 
filtrate which contained no significant amount of the metabolite was 
discarded. There were obtained from this treatment 4.0 gm. of a picrol- 
onate which was recrystallized from boiling water. The picrolonate 
of the metabolite at this point was contaminated with a small amount 
of the picrolonate of at least one other base, which could not be separated 
by fractional crystallization. The mixed picrolonates were dissolved in 
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75 ml. of hot dilute hydrochloric acid, cooled, and the picrolonic acid 
removed by extraction with ether. The aqueous acid solution was evapo- 
rated to a dark, viscous residue, which was very hygroscopic and could not 
be crystallized. This dark residue was dissolved in 10 ml. of water, and 
titrated potentiometrically to the first inflection point (pH 5.5 to 7.0) with 
1 n KOH solution. The water was removed by evaporation and the 
residue dried in a vacuum desiccator. The dried residue (still hygroscopic) 
was extracted by boiling with three 5 ml. portions of absolute ethanol; the 
extracts were cooled; the precipitate (KCl) was removed and discarded; the 
filtrate was evaporated and finally dried in a vacuum desiccator. The 
dried dark hygroscopic residue was stirred for a few minutes with 5 ml. of 
cold (15°) absolute ethanol and filtered with suction. After washing with 
cold ethanol there remained on the filter 700 mg. of the metabolite as a 
white non-hygroscopic solid. 
Structure of Metabolite 


Properties of Metabolite—The metabolite was obtained as its potassium 
salt, a white crystalline solid melting at 262-263° (in a copper block 
previously heated to 236°) after two recrystallizations from 98 per cent 
ethanol. It is soluble in water and alcohol, sparingly soluble in absolute 
ethanol, and insoluble in ether, acetone, and chloroform. A small portion, 
when burned down on a platinum lid, gave a white ash, which was alkaline 
in reaction. The compound is of basic nature, as is evidenced by the 
formation of insoluble derivatives with HgCl,, AuCl;, picric acid, and 
picrolonic acid. 

An elementary analysis supports an empirical formula of Cy7HiO.N,K, 
corresponding to a molecular weight of 380.4. 

Calculated. C 53.67, H 4.50, N 14.73, K 10.28 
Found. *€ 53.93 ** 4.42 ‘* 14.40 * 10.50 
** 53.64 * 4.19 “* 14.76 “ 10.28 
The nicotinic acid content of the compound was observed to be 62.8 and 
63.2 per cent in duplicate analyses; theoretical value is 64.7. 

Heating an aqueous solution of the compound with CNBr at 75° for 5 
minutes, cooling, and adding saturated aqueous aniline gave the character- 
istic yellow color produced by pyridine and its derivatives. This indicates 
the presence of pyridine nitrogen in its uncombined tertiary state. The 
substance was also treated with CNBr and metol by the method of 
Perlzweig et al. (5) for the colorimetric determination of nicotinic acid, and 
shown to give a color equivalent to 0.16 of that produced by nicotinic acid. 
The results are recorded in Table I. A similar measurement carried out 
after boiling the substance for 1 hour with 2 n KOH showed a 4.04-fold 
increase in the color, indicating the liberation of a nicotinic acid-like 
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substance during hydrolysis. Calculated as nicotinic acid, this substance 
represented 63.0 per cent of the compound. The metabolite is not hydro- 
lyzed by boiling with 6 N HCI for 1 hour. 

Treatment of a small amount of the metabolite with ninhydrin gave no 
color reaction. However, the addition of this reagent to a neutralized 
alkaline hydrolysate of the metabolite produced an intense violet color. 
This indicates the liberation of an amine or an a-amino acid during the 
hydrolysis. The extreme stability of the compound to acid hydrolysis 
would perhaps indicate a peptide-like substance rather than an amide. 
A large sample of the metabolite was hydrolyzed with alkali and the 
components isolated and identified as nicotinic acid and ornithine in the 
following manner. 


TaBLe I 


Comparison of L Values Obtained by Colorimetric Determination of Metabolite before 
and after Hydrolysis, with Two Different Amines in Color Reactions 


To bring the readings within the accurate range of the instrument, 100 y of dinico- 
tinylornithine were used for the readings in the first line, but only 10 y for those of 
the second line, for which the greater color of the products of hydrolysis was meas- 
ured. 


L value * 





Aniline method, 
present paper 


Metol method 
(Perlzweig et al. (5)) 


0.421 





| 
100 y dinicotinylornithine 


is eaed 0.124 
10 y after alkaline hydrolysis. . as peat 0.170 0.075 
ee 0.171 0.074 
ee NE IIIS 66.4. ice 5 <,0:0:¢'s nae alaere wi srmarwse 0.238 0.105 


* Evelyn photoelectric colorimeter. 
t The amount of nicotinic acid obtained by hydrolysis of 10 y of dinicotinylor- 
nithine. 





Hydrolysis of Metabolite—To 850 mg. of the metabolite were added 25 ml. 
of water and 9 gm. of Ba(OH),-8H.O, and the mixture was boiled under 
reflux for 3 hours in the absence of CO,.. There were added 0.7 ml. of 
10 nN NaOH solution and CO, was passed through the still hot solution until 
the precipitation of barium was complete. The precipitated BaCO,; was 
washed by boiling four times with 15 ml. portions of water. The filtrate 
and washings were adjusted to about pH 3 with HCl, the CO, allowed to 
boil off, and the solution was evaporated to a volume of about 50 ml. 

Isolation and Identification of Nicotinic Acid—The hydrolysate (pH 3), 
which contained 570 mg. of the nicotinic acid-like substance expressed as 
nicotinic acid, was placed in a continuous ether extractor for 24 hours. 
At the end of this time the ether contained by direct measurement with 
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CNBr and aniline all the nicotinic acid-like substance originally present in 
the hydrolysate. The aqueous solution (now free of the nicotinic acid- 
like substance) was reserved for the isolation of the amine-like substance. 
The ether extract was evaporated to dryness; the slightly discolored residue 
was taken up in 30 ml. of water and cleared by shaking with about 200 mg. 
of Darco charcoal. The solution was evaporated to 20 ml. and placed in 
the refrigerator for 2 days. The crop of crystals was washed with cold 
water, alcohol, and finally ether. The yield was 425 mg. of small needle-like 
crystals. The melting point was 237-238° (uncorrected). The mixed 
melting point with nicotinic acid was unchanged. A sample of the isolated 
material gave the same amount of color when treated with CNBr and 
metol, according to the method of Perlzweig et al. (5), as did an equal 
weight of nicotinic acid. Nitrogen determinations by the method of 
Shirley and Becker (8) gave identical values with the isolated substance 
and with nicotinic acid. It is thus established that the nicotinic acid-like 
substance produced by the hydrolysis of the metabolite with alkali is 
identical with nicotinic acid. 

Isolation and Identification of Ornithine—The aqueous hydrolysate now 
freed of nicotinic acid by ether extraction was evaporated to a volume of 
about 10 ml., adjusted to pH 9.7 with KOH, and the evaporation continued 
nearly to dryness. The residue was extracted by boiling with three 5 ml. 
portions of absolute ethanol and the remaining residue (KCI) was dis- 
carded. After cooling in an ice bath, the alcoholic extract was filtered and 
the ethanol removed from the filtrate by evaporation. The residue was 
taken up in 10 ml. of H,O, adjusted to pH 7.0 with HCl, and the slightly 
discolored solution cleared by boiling for a few minutes with 100 mg. of 
Darco charcoal. After filtering, the clear colorless filtrate was taken to 
dryness. The white residue was refluxed with 3 ml. of 75 per cent ethanol 
until dissolved. Absolute ethanol was added until a faint cloudiness 
appeared. The solution was placed in the refrigerator until crystalliza- 
tion was complete. There were obtained, after filtering and washing with 
absolute alcohol, 225 mg. of a white crystalline compound as its hydro- 
chloride. The substance melted at 210-211° (uncorrected) after two 
recrystallizations from 80 per cent ethanol. 

A chloride determination showed the compound to contain 21.1 per cent 
chlorine, indicating a molecular weight of 168. The melting point, the 
molecular weight, and the fact that chicks have been shown to conjugate 
administered benzoic acid with ornithine suggested the possible identity 
of the above substance. The mixed melting point of the isolated substance 
and the dl-ornithine hydrochloride was 210—211° (uncorrected). Orni- 
thuric acid was prepared from dl-ornithine, according to the method of 
Schulze and Winterstein (7). A similar derivative prepared from the 
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isolated material also melted at 181-1$2°. The mixed melting point with 
ornithuric acid was unchanged. It is thus established that the amine-like 
substance produced by the hydrolysis of the metabolite with alkali is 
identical with ornithine. 

On the basis of the foregoing evidence the metabolite contains ornithine 
and nicotinic acid coupled by a peptide link. Nicotinic acid and the amino 
acid are present in the molecule in the molar ratio of 2:1, as indicated by 
the elementary analyses and by the content of nicotinic acid. The metab- 
olite therefore has the structure shown in the accompanying diagram. 


CH,—CH,—CH,—CH—-COOH 


NH NH 


~S\—c=0 oS —c=0 


i © P Y \ . WA 
N N 
(2,5-Dinicotinylornithine) 


It is of interest to note that this formula is exactly analogous to that of 
ornithuric acid (dibenzoylornithine), which is excreted by the chicken after 
feeding benzoic acid (3). 


SUMMARY 


The excreta of chicks appeared to contain more nicotinic acid after 
alkaline hydrolysis than before, indicating the presence of a hydrolyzable 
compound of nicotinic acid. 

This substance has been isolated from dried chick droppings. A useful 
step in the isolation was the removal of uncombined nicotinic acid from a 
crude extract containing both free and combined nicotinic acid by con- 
tinuous extraction of the aqueous solution with ethy! ether at a low pH. 

The metabolite containing combined nicotinic acid was identified as 
dinicotinylornithine. After hydrolysis the nicotinie acid and ornithine 
were isolated and identified. 
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THE URINARY EXCRETION OF A 
FAT-MOBILIZING AGENT* 


By RUDOLF WEIL anv DeWITT STETTEN, Jr. 
(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, December 27, 1946) 


The work of Schoenheimer and his collaborators (1) has amply demon- 
strated that the apparent constancy of the quantity of fat in the normal 
adult mammal results, not from the chemical inertia of the fat depots, but 
rather from the nice balance between processes leading to the deposition 
of fat and processes leading to its mobilization and utilization. A decrease 
in the magnitude of the fat depots may occur incident to diminution in the 
rate of fat synthesis, and indeed such a retardation has been shown to 
occur in thiamine deficiency (2) and in diabetes (3). The magnitude of 
the fat depots may obviously also decrease as a result of increased mobi- 
lization of depot fat, and the fact that lipemia and fatty liver are frequently 
observed during starvation or uncontrolled diabetes suggests that this 
process is contributing to the loss of adipose tissue. 

An agent of biological origin endowed with the specific capacity of ac- 
celerating the mobilization of depot fat has been described by Best and 
Campbell (4) as occurring in the anterior pituitary gland. This pituitary 
adipokinin' which may be concentrated from aqueous extracts of beef 
anterior pituitary glands by precipitation, at pH 5.2, with 2 volumes of 
alcohol, produces, when injected into the fasted mouse, an increase in the 
quantity of liver fat which is, within limits, linearly related to the dose in- 
jected. Thus the analysis of the mouse liver for fat provides a convenient 
assay method for this adipokinetic principle (5). That the fat which 
accumulates in the liver after the administration of pituitary adipokinin 
arises at the expense of preexisting depot fat has been shown by Barrett, 
Best, and Ridout (6), and again by Stetten and Salcedo (7). The physio- 
logical significance of this depot fat-mobilizing material is indicated by the 
finding that hypophysectomized rats, kept on a suboptimal diet, lost less 
depot fat than did control animals on the same diet (8); conversely, forced 
feeding of hypophysectomized rats led to excessive adiposity (9-11). 

The possibility that the rate of mobilization of depot fat is influenced 


* This work was carried out with the aid of grants from the Nutrition Foundation, 
Inc., and the Josiah Macy, Jr., Foundation. 

‘To attain brevity, we propose the word “‘adipokinin” to describe any material 
which favors the mobilization of depot fat and the adjective ‘‘adipokinetic’’ to de- 
scribe this activity. 
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by the liberation, from the anterior pituitary gland, of a specific adipokinetie 
substance, has therefore been investigated. In these experiments whole 
pituitary glands were removed from freshly killed normal adult rats. One, 
two, or three such glands were finely ground with 1 cc. of saline, and the 
resultant pulp injected subcutaneously into an adult female mouse. After 
10 hours without food, the mouse was killed and the liver was pulverized 
with an excess of anhydrous NasSOQ,. This powder was extracted for 48 
hours with CHC}, in a Soxhlet apparatus, and the weight of the fat-soluble 
material determined after removal of the solvent. In Table I the effect 
upon mouse liver fat of the injection of one, two, or three rat pituitaries 
is compared with a control series in which 1 cc. of saline was injected. 


TABLE I 


Effect of Injection of Whole Rat Pituitary Glands upon Fat Content of Livers of Fasting 
Mice 

The whole pituitary glands from one, two, or three normal adult rats were finely 

ground in 1 cc. of saline and the entire mass injected into a fasting mouse. The fat 

content of the mouse liver was determined after 10 hours. 








No. of rat Mean liver fat per 100 





| ’ 
ee per | No. of mice Weight of mice =" Mean liver fat gm. body weight 
IE on Saree Set ee, es Le ee 
gm. | gm. me. mg. 
0 21 | 20-26 1.466 74.3 328 + 13* 
1 9 20-23 1.535 138.8 628 + 34 
2 10 20-26 1.771 } 211.6 937 + 41 
3 5 21-25 1.757 303.4 1167 + 78 
pee z (v?) Shy: 
* Probable error = +0.6745 ee 
n(n — 1) 


The proportionality between the quantity of pituitary material injected 
and the quantity of accumulated liver fat, previously reported by others 
(5), is at once apparent. This approach was therefore applied to a study 
of the problem of variations in the adipokinetic activity of pituitary glands 
that might result from fasting or from diabetes. From a few preliminary 
experiments, however, it was apparent that no significant variations from 
the normal would be demonstrable by this crude assay technique when 
the pituitary glands of previously fasted or alloxan-diabetic rats were com- 
pared with normal glands. 

The possibility was therefore entertained that, in spite of the absence 
of demonstrable variation in the adipokinetic activity of the pituitary 
glands, in these conditions, variations might occur in the quantity of 
adipokinin released under conditions of starvation or diabetes, and that 
this might in turn be reflected by variations in the analogous activity of 
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the urine. 24 hour urine samples were collected from pairs of young rabbits 
of opposite sex. The pH of the urine was adjusted to 5.2 by the ad- 
dition of HCl, and 2 volumes of alcohol were added. The resultant dried 
precipitate was treated with 2 cc. of very dilute Na,COs solution, cen- 
trifuged, and 0.6 cc. of the clear supernatant injected into a mouse. After 
10 hours of fasting, the mouse livers were analyzed for total lipide, as 
described above. The same procedure was repeatedly performed on the 
same rabbits with one variation. Prior to and during certain of the periods 
of urine collection, the rabbits were fed ad libitum, while other periods of 
urine collection were preceded by 24 hours of fasting, which was continued 
during the period of collection. 

From the values in Table II, it will be seen that the livers of mice re- 
ceiving urine extract from normally nourished rabbits are no richer in fat 


TaBLe II 

Effect of Fasting upon Adipokinetic Activity of Rabbit Urine 
An extract from the urine of pairs of rabbits has been assayed by the injection 
into fasting mice and determination of the fat content of the mouse liver after 10 
hours. Urine samples from normally fed, from previously fasted, and from diabetic 
rabbits have been compared with saline by this procedure. 

















. Ce Mean | Mean liver fat 
Material injected i & | be pam | liver | Peay J per 100 gm. 

a PS es ee ees ee eee * 

| gm. gm. | még. mg. 

DO OUGNUOD, . ..... ss sscdasneeree | 21 | 20-26 | 1.466 | 74.3 | 328413 
Extract, normally fedrabbit urine..| 15 | 20-27 | 1.422 | 76.0 | 3394 9 
“ fasted rabbit urine........ | 15 | 20-26 | 1.530 | 124.5 | 513+ 20 
“ diabetic rabbit urine....... 7 | 22-25 | 1.487 | 80.1 | 382+ 14 











than the livers of the saline-injected controls. In other words, the urine 
of normally fed rabbits was devoid of demonstrable adipokinetic activity. 
When the same rabbits were fasted, however, there appeared in the urine 
a material which was precipitated at pH 5.2 by 2 volumes of alcohol and 
which provoked a statistically significant increase in the fat content of 
mouse livers. It is at this time a matter of speculation whether the adi- 
pokinetic activity that we have demonstrated to occur in the urine of the 
fasted rabbit is identical with that shown by Best and Campbell (4) to 
occur in the normal anterior pituitary gland. It is of interest, however, 
that, during fasting, under conditions in which an increase in the mobiliza- 
tion of depot fat might be anticipated, there appears in the urine a material 
capable of provoking such an increase, which at least superficially resembles 
pituitary adipokinin. 

A few rabbits, rendered diabetic by the intravenous injection of 150 
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mg. of alloxan monohydrate per kilo, have similarly been studied. When 
these animals were fed ad libitum, their urines contained at most scanty 
adipokinetic activity, in the small series studied probably not statistically 
significant. When assays were attempted on the urines of fasted diabetic 
rabbits, the urine extracts proved uniformly fatal to mice, and the analyses 
could therefore not be completed. 


The authors wish to acknowledge their indebtedness to Dr. A. C. Slanetz 
for advice and Miss Sophie Ross for technical assistance. 


SUMMARY 


A material capable of provoking an increase in the fat content of the 
mouse liver appears in the urine of the fasted, but not of the normally 
fed rabbit. Like the fat-mobilizing substance of the anterior pituitary 
gland, this material is precipitable at pH 5.2 by 2 volumes of ethanol, 
and its possible relationship to pituitary adipokinin has been discussed. 
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A MICROMETHOD FOR THE QUANTITATIVE DETER- 
MINATION OF THE URINARY COPROPORPHYRIN 
ISOMERS (I AND IID* 


By SAMUEL SCHWARTZ, VIOLET HAWKINSON, SANFORD COHEN, anv 
CECIL JAMES WATSON 


(From the Department of Medicine, University of Minnesota Hospital, Minneapolis, 
and the Metallurgical Laboratory,t University of Chicago, Chicago) 


(Received for publication, December 10, 1946) 


Previous communications (1, 2) have dealt with the problem of determin- 
ing the relative percentage of the naturally occurring urinary copropor- 
phyrin isomers, types I and III. In the first of these papers a method was 
described for separating small amounts of the pure isomers by means of 
their differential elution from aluminum oxide with 30 per cent acetone. 
In spite of a trial of many alternative procedures it has not been possible to 
apply this method consistently to urine except when the coproporphyrin is 
first isolated as the crystalline ester. This of course defeats the primary 
objective of the method, since the coproporphyrin I ester crystallizes much 
more quantitatively than does the coproporphyrin III ester, and relatively 
more of the latter is therefore lost in the mother liquor. In addition, a 
tedious extraction procedure is required to purify the porphyrin from a 
large volume of urine. The second paper referred to described a difference 
in fluorescence stability of the two porphyrins which permits determination 
of their relative percentage in a given urine sample, without recourse to 
isolation. It employs as little as 100 cc. of urine, or even less in instances in 
which the porphyrin concentration is considerable. The purpose of the 
present communication is to describe details of a method based upon this 
difference in behavior. 


Method 


The concentration of the total urinary coproporphyrin is first determined. 
The procedure is based upon similar methods previously described by Saillet 
(3), Fischer (4), and Fikentscher and Franke (5). 

100 cc. of urine are acidified with 10 cc. of glacial acetic acid and then 
extracted three times with 0.5 to 1 volume of peroxide-free ethyl ether, each 
time. The combined ethers are washed three times with 3 per cent aqueous 
sodium acetate solution. The coproporphyrin is then extracted by four 


* Aided by grants from the John and Mary R. Markle Foundation and from the 
Rockefeller Foundation. 
t Under Contract W-7401-eng-37 with the Manhattan Project. 
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shakings with 10 cc. portions of 5 per cent HCl. The combined 5 per cent 
HCI solution is made acid to Congo red paper by addition of saturated 
aqueous sodium acetate solution, after which the porphyrin is transferred 
to ethyl ether by means of three extractions. The combined ether is 
washed twice with water. The porphyrin is then removed from the ether 
by four extractions with 1 per cent HCl solution, sufficient in amount to 
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Fic. 1. Fluorescence intensity of varying concentrations of free coproporphyrin 
in 1 per cent HC! as measured on a Klett fluorophotometer. A 3 per cent aqueous 
fluorescein solution was employed as the standard. 


make a total volume of 10 to 20 cc. Quantitative extraction is insured by 
observing the red fluorescence of the porphyrin in ultraviolet light.! 

The total coproporphyrin content of this solution is measured fluori- 
metrically. The calibration curve obtained with our Klett fluorophotome- 
ter is shown in Fig. 1. When the total amount of porphyrin in the final 1 


! Portable black light, model ZB-11 (Magna Flux Corporation, Chicago, Illinois). 
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per cent HCl is less than 10 y, it is best to extract more urine in the same way 
before proceeding with the isomer analysis, although the latter can be 
accomplished with as little as 2 y of total porphyrin. This may be neces- 
sary, since considerable loss of porphyrin may occur during the subsequent 
purification procedure. 

Two alternative procedures have been employed for the further purifica- 
tion of the total coproporphyrin and for the isomer analysis. Both of these 
will be described here, though the isomer analysis by the more recently de- 
veloped second method is undoubtedly more reliable, and is now used 
exclusively in our laboratory. The first procedure (A), if carefully exe- 
cuted, has also proved satisfactory. It has been used in many of our 
earlier clinical studies, to be reported in separate communications. The 
second of these methods (Procedure B), on the other hand, has been used 
exclusively in a series of studies to be reported in the “Plutonium project 
record” (6). 

Procedure A—The combined 1 per cent HCl solution is added to 4 
volumes of methyl alcohol previously saturated in the cold with HCl gas. 
After standing at least 4 hours, the porphyrin ester is extracted by chloro- 
form, the methy] alcohol-HC! solution first having been diluted with sev- 
eral volumes of water. The chloroform is then washed successively, twice 
each with 10 to 20 cc. portions of water, 10 per cent ammonium hydroxide, 
and 7 per cent sodium chloride. It is then filtered through a chloroform- 
moistened filter paper and concentrated to dryness on a water bath. 

The porphyrin ester is next purified by chromatographic analysis. The 
residue is dissolved in a drop or two of chloroform and diluted with 3 to 4 ce. 
of benzene. This solution is passed through a column of calcium carbonate 
(Cenco, U. 8. P., precipitated powder), 6 to 8 cm. in height in a Zech- 
meister-Cholnoky chromatograph tube (7). The porphyrin esters are 
adsorbed together in the upper few mm. of the column. The chromato- 
gram is developed with a 1:10 to 1:15 mixture of chloroform-benzene, the 
higher concentration of chloroform being required in some instances for 
sufficiently rapid development. The porphyrin zone, containing both 
coproporphyrin isomers, is eluted to about the middle of the column. The 
column is then pushed out of the tube and the porphyrin zone is cut out in 
the usual way (7-9). If at least 5 y of porphyrin are present, a distinct 
red or pink zone may be seen in visible light. In ultraviolet light, however, 
the red fluorescence permits the porphyrin zone to be more sharply outlined 
with much smaller amounts. 

The porphyrin esters are eluted from the CaCO; with a small amount of 
chloroform. This is filtered through a small sintered glass filter. The total 
porphyrin concentration in this solution is measured in the fluoro- 
photometer. The calibration curve prepared with our Klett apparatus is 
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shown in Fig. 2. An‘aliquot containing 4 to 10 y is removed to an Evelyn 
tube and evaporated to dryness. The residue is dissolved in 4.5 ce. of 
freshly distilled acetone, and 10.5 cc. of distilled water are added with 
immediate mixing. The tube is then corked and the fluorescence is mea- 
sured immediately in the Klett fluorophotometer.? The solution is then 
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Fia. 2. Fluorescence intensity of coproporphyrin methyl ester in chloroform as 
measured on a Klett fluorophotometer against a 3 per cent fluorescein solution. 


refrigerated at 4° for 14 hours, after which it is removed to room tempera- 
ture for 5 minutes. The fluorescence is then measured again. 

As has been shown elsewhere (2), the fluorescence of coproporphyrin I 
is completely quenched in this interval, whereas that of coproporphyrin III 
remains essentially constant. In a mixture of the two isomers, however, 
coprecipitation of both occurs (6). Under the conditions of the test the 


2 A special metal adapter was constructed which permits the use of Evelyn tubes 
rather than the cuvettes or small tubes supplied with the instrument. 
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extent of this coprecipitation is such that the 1} hour reading approximates 
that of the coproporphyrin III alone. This is shown by the data in Fig. 3. 
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Per cent coproporphyrin III in mixture 


Fic. 3. The relationship of fluorescence stability to the per cent distribution of 
coproporphyrin I and III esters in 30 per cent acetone (Procedure A). A value of 100 
per cent stability indicates no quenching of fluorescence under the conditions of the 
test. 


The per cent of each isomer in the mixture is, therefore, calculated as 
follows: initial reading = coproporphyrin I + coproporphyrin IIT; final 
reading = coproporphyrin III; difference = coproporphyrin I. Therefore 

Final reading X 100 
Initial reading 





= % coproporphyrin III 


It should be emphasized that the reading at 1} hours does not represent a 
condition of equilibrium, and that accurate timing is therefore of crucial 
importance. It is because of this limitation that isomer analysis by this 
method has now been replaced by the modified Procedure B which does 
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yield a condition of near equilibrium for 24 hours or more. It should also 
be pointed out that the curve shown in Fig. 3 appears to be an S-shaped 
skew rather than a straight line. 

Procedure B—The combined | per cent HCl solution is made acid to 
Congo red paper by the addition of saturated aqueous sodium acetate 
solution. A few cc. of glacial acetic acid are added and the porphyrin 
is extracted twice with ethyl acetate. It is then removed from the ethyl 
acetate by three extractions with 1 cc. portions of 10 per cent HCl. To 
this are added 10 volumes of CH;OH-H.SO, (20:1). After 4 to 24 hours 
3 volumes of 2 per cent NaOH are added and the porphyrin ester is immedi- 
ately extracted with about 50 cc. of ethyl acetate. The solution should 
be definitely alkaline; extraction is incomplete if more than a small amount 
of sulfuric acid remains. The ethyl acetate is washed once with 0.5 per 
cent NaOH solution, and twice each with water and 7 per cent NaCl. It 
is then filtered through paper moistened with ethyl acetate and evaporated 
to dryness on a water bath. The residue is dissolved in chloroform- 
benzene and subjected to chromatographic purification, as described above 
for Procedure A. 

The concentration of the total coproporphyrin ester is determined in 
the chloroform eluate of the esters from the CaCO ;. An aliquot containing 
2 to 5 y is transferred to an Evelyn tube and evaporated to dryness for 
isomer determination. This residue is dissolved in 3.5 cc. of freshly 
distilled acetone, and 6.5 cc. of H,O are added with constant mixing. 
The tube is tightly corked, and the fluorescence is measured immediately 
in the Klett fluorophotometer. The tube is then immersed for 3 or more 
minutes in a dry ice-acetone bath. The solution is quickly frozen solid. 
The sample is then removed and kept at room temperature (22-25°). 
The fluorescence is measured again after a period of from 4 to 36 hours, 
during which time a condition of relative equilibrium prevails (6). 

The ratio of initial to final readings has been determined in a series of 
75 experiments in which known mixtures have been analyzed in this way 
(6). The results are summarized in Fig. 4, in which each point represents 
the average of five to eleven determinations. 

Determination of the per cent of each isomer in any unknown mixture 
is determined by reference to Fig. 4. Thus, for example, the calculated 
values for the 75 recovery experiments mentioned above differed by an 
average of only 2.2 per cent from the known values. 


Recovery Data and Confirmatory Isolations 


Determination of Coproporphyrin Isomers I and III Added to Extracts of 
Human Urine, by Procedure A—The first 5 per cent HCl extract from a 
sample of human urine was found to contain 60 y per 100 cc. of total 
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coproporphyrin, of which 20 per cent was type III isomer and 80 per cent 
was type I. To five portions of the extract each measuring 7.5 cc., copro- 
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Per cent coproporphyrin III in mixture 


Fic. 4. The relationship of the ratio of initial to final fluorescence intensities and 
the per cent of coproporphyrin III in a 35 per cent acetone solution of a mixture of the 
coproporphyrin isomers (Procedure B). 


porphyrin isomers were added in the amounts noted in Table I, with 
recoveries as indicated. 
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Comparison of Isomer Analysis by Procedure A and Melting Points of 
Crystalline Esters Isolated from Larger Volumes of Same Urine—The data 
of Table IT are shown simply to indicate the reliability of the quantitative 
procedure as controlled by actual isolation of the crystalline coproporphyrin 
esters from the urine, with determination of the ester melting points. 


TABLE I 
Recovery of Coproporphyrin Isomers from Urine by Procedure A 














Type III 
Type I added Type I added = |__ ' 
Observed | Calculated 
Y 7 per cent per cent 
10.5 a 0.0 5 6 
7.5 3.0 23 26 
3.9 6.6 50 50 
1.5 9.0 61 | 66 
0.0 10.5 | 75 | 76 
TaBLe II 


Comparison of Isomer Analysis and Crystalline Ester Melting Points (after Three 
Crystallizations from CHCl;-CH;0H) 





Isomer analysis 





Urine sample No. 








Coproporphyrin I* Coproporphyrin IIIt M.p. 
per cent per cent | C. 
1 98 2 249-250 
2 84 16 228 
3 79 21 232 
4 75 25 228 
5 40 60 198 
; 6 25 75 132-134 
7 20 80 138 
8 18 82 140-141 
9 18 82 130 
10 11 89 132 











* Ester m.p. 252°. 
t Ester m.p. 134°, 142°, 170° (dimorphic m.p.). 


The method of isolation was the same as that described above except that 
larger volumes of urine were used. The chloroform eluate from the CaCO; 
was evaporated to about 1 cc., about 5 cc. of CH;OH were added, and the 
solution evaporated to about 1 cc. Crystallization occurred on cooling. 
The melting points were determined by means of a Fisher-Johns micro 
melting point apparatus. It is well known that mixtures of the copropor- 
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phytin esters (I and III) exhibit melting points intermediate between 
those of the pure substances, rather than a sharp depression (9-11). 
Furthermore, as noted above, the melting point cannot be used as a 


Determination by Procedure B of Coproporphyrin I and III Added Directly 


















































Porphyrin added Coproporphyrin III at 21 hrs. 
| Sample No. 
Coproporphyrin I | Coproporphyrin III Theoretical Found 
| ¥ der cent ‘y ber cent per cent per cent 
LA 0.0 0.0 86 87 
BC 0.0 0.0 86 Ss 
C 0.0 0.0 86 86 
Ds 0.0 0.0 86 88 
2A | 3.5 0.0 55 50 
Cc | 3.5 0.0 55 51 
D 3.5 0.0 55 55 
3. A 8.8 0.0 38 39 
Cc 8.8 0.0 38 31 
D 8.8 0.0 38 39 
4. A 17.6 0.0 24 23 
B 17.6 0.0 24 28 
C 17.6 0.0 24 26 
D 17.6 0.0 24 24 
5. B 0.0 8.8 93 86 
C 0.0 8.8 93 86 
D 0.0 8.8 93 89 
TaBie IV 
Independent Isomer Analyses by Procedure B 
site tte. Total co roporph rin Per cent type III isomer found by two analysts 
V. H. D.S. 
7 
1 175 45 42 
2 226 63 64 
3 145 34 32 
4 452 12 13 
5 25 17 23 
quantitative measure of the ratio of the two isomers, but merely indicates 
the predominant isomer type. 
Isomer Analyses by Procedure B after Addition of Varying Amounts of 
Type I and III Isomers Directly to Human Urine—Varying amounts of 
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free coproporphyrin in | per cent HCl were added directly to 500 ee. 
portions of a pooled sample of human urine which contained 7.1 y of total 
coproporphyrin per 100 cc. Just before esterification the final 1 per cent 
HCl extracts were divided into four equal portions, Samples A, B, C, and 
D. Samples A and B were esterified by means of CH;OH-HCI, as in Pro- 
cedure A, while Samples C and D were esterified with CH;OH-H,S0,. 
Isomers in all four portions were determined by Procedure B. The second 
reading was made at 21 hours in each instance. The data are shown in 
Table III. (Four samples were analyzed by a modified procedure and are 
therefore not included in Table III.) 

As a further test of the reliability of this procedure, determinations of 
the isomer distribution in five 24 hour urine samples were made by one of 
us (V. H.) and independently by another individual* who had been 
trained in the method. The source of the urine samples and the results 
of the other analyst were unknown until each had completed the five runs. 
The results of this experiment are shown in Table IV, from which it is 
evident that the agreement was reasonably satisfactory. 


DISCUSSION 


Isomer analysis by Procedure B is regarded as less liable to error because 
the factors of time and temperature are not so delicately balanced as 
they are in Procedure A. Using the latter, we have found that consistent 
results are obtained only when 1} hours of refrigeration are used, | hour or 
2 hours being unsatisfactory. With Procedure B, however, much more 
latitude is allowed both in the period of freezing and in the time thereafter 
at which the second reading may be made. Data bearing on these points 
are described in detail in a separate report (6). This report also includes 
studies of the coprecipitation phenomenon which is the basis of the fluores- 
cence quenching and hence of the method of isomer analysis; additional 
data relating to the determination of isomers added to various samples of 
urine and urine extracts are also given in this report. 

The following precautions and reservations may be noted, with respect 
to the methods described above. 

The instrument used for fluorescence measurement must be accurate 
at relatively low levels of fluorescence intensity. Thus, if the initial 
reading is 200, a large variation cf the final reading at certain levels, 1.¢. 
from 60 to 45, would give a difference of only 6 per cent (200/60 = 3.33 = 55 
per cent copro IIT; 200/45 = 4.44 = 49 per cent copro III). On the other 
hand, a small variation from 10 to 5 in the final reading means a difference 
of 10 per cent (18 versus 8 per cent copro III). The instrument should be 
restandardized as often as necessary to insure accuracy. 

The instrument should be so calibrated that the highest reading (¢.e. 


3 We are indebted to Mr. Donald Sutherland for these determinations. 
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300 on the Klett apparatus) represents a concentration of about 60 vy 
per cent. Readings above 300 should be diluted immediately with pre- 
viously prepared 35 per cent acetone, since at high concentrations copro- 
porphyrin I precipitates rapidly even at room temperature. Crude meas- 
urement of the fluorescence in the 3.5 cc. acetone permits one to predict the 
reading to be expected after dilution with water. If the concentration in 
3.5 ce. is too high, more acetone is added, followed by the proper amount 
of water. 

Reagents used for chromatography and isomer analysis should be free 
of any blue fluorescence in ultraviolet light. We have found that a 
weekly distillation of reagents is adequate in this regard. 

The metal complexes of coproporphyrin may give rise to difficulty. 
The zinc complex is readily split by hydrochloric acid, and any zine copro- 
porphyrin present in the native urine or formed prior to esterification 
because of contact of the urine with soft glass will be included as the free 
porphyrin in the total which is subjected to isomer analysis. The zine 
complex may also be formed if the ester comes in contact with zinc, either 
due to use of soft glass or contaminated reagents, such as methyl alcohol 
from metal drums. This complex separates from the free coproporphyrin 
methyl ester on the CaCO; column, remaining well above it under the 
conditions described, and exhibiting a yellow or orange rather than a pink 
or red fluorescence in ultraviolet light. The copper complex is much more 
dificult to detect, since it does not exhibit fluorescence in ultraviolet light 
and is not split by HCl. Fortunately, formation of the copper complex 
in the native urine or even on long standing in soft glass containers appears 
to be rare so far as we can determine. The copper complex may be split 
by solution in concentrated H,SO,. 

It is essential that the Evelyn tubes be tightly corked to prevent evapora- 
tion of acetone. For a time, we used beeswax to seal the tubes, but this is 
unnecessary if sufficient care is given to fitting the corks carefully. 

Since the total porphyrin concentration must lie in the 20 to 50 y per 
cent range (2, 6), there is no reason why the method cannot be applied 
toless than 2 y of total porphyrin by appropriately reducing the volume and 
wing specially selected small tubes. Since we have not had occasion to do 
this, we cannot say whether or not Fig. 4 would apply without modification. 

This method has been applied to many hundreds of urine samples 
obtained from individuals having a variety of diseases, notably those of 
the liver and blood-forming organs. The results of these studies will be 
made the subject of separate communications. 


SUMMARY 


1. Procedures not entailing crystallization are described for the quanti- 
tative determination of the urinary coproporphyrin isomers I and III. 
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Partially purified solutions containing 2 to 5 y of total coproporphyrin are 
required for the isomer analysis. 

2. The procedures depend upon a marked difference in fluorescence 
stability of the two porphyrin methy] esters in 30 to 35 per cent aqueous 
acetone in the cold, that of coproporphyrin III being relatively much more 
stable. 

3. The validity of the method has been confirmed by the recovery of 
added amounts of each of the coproporphyrin isomers with an average 
error of less than 3 per cent, also by isolation of the crystalkne porphyrin 
esters from large volumes of the same urine samples, with subsequent 
identification of the predominant isomer type by means of ester melting 
point determination. 
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VARIATIONS OF THE INDIVIDUAL BLOOD PLASMA AMINO 
ACID NITROGEN LEVEL 


By GEORGE E. F. BREWER, W. S. BROWN, CECIL C. HARVEY, 
anpD M. K. HORWITT 


(From the Biochemical Research Laboratory, Elgin State Hospital, Elgin, and 
Marygrove College, Detroit) 


(Received for publication, August 28, 1946) 


Several papers (1-3) have been published recently on the subject of the 
amino nitrogen of human blood plasma as determined by Hamilton and 
Yan Slyke’s ninhydrin method (1). 

The values reported for the blood plasma filtrates of persons in the post- 
absorptive state vary from 3.35 to 5.00 (1), 2.3 to 7.3 (2), and 3.37 to 4.97 
(3) mg. of amino nitrogen per 100 ml. of plasma. 

It has also been reported (3, 4) that significant differences of the amino 
nitrogen level are found when samples are taken from the same person on 
different days. 

The above reports do not show whether each individual develops his own 
average amino nitrogen level or passes through the full range of observed 
values. Only a large number of analyses carried out on blood samples from 
alarge number of persons can absolutely answer this question. However, 
the results of a limited number of analyses can be dealt with by means of 
statistical techniques. 

We have, therefore, endeavored to follow the fluctuations of the amino 
nitrogen contents of human blood plasma by Van Slyke’s ninhydrin tech- 
nique for periods of more than 3 months. 

The blood samples were taken during the summer and autumn months 
of 1944 from two distinctly different groups of people: (1) presumably 
healthy individuals (two men and three women) of ages between 21 and 38 
years; (2) a group of twelve males, mental patients, physically well, of 
ages between 29 and 77 years, who were under strict dietary control for well 
over 1 year as participants in a nutritional project being conducted at Elgin. 
Differences due to environment or working conditions can, therefore, be 
minimized as factors affecting the data reported below. 


Method 


Samples were taken before breakfast and the oxalated plasma treated 
«eeording to Hamilton and Van Slyke’s ninhydrin method (1). No cor- 
rection was made for plasma urea concentration, since no urea concentra- 
tion of more than 18 mg. of urea nitrogen per 100 ml. of plasma had been 
found. 
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VARIATIONS IN PLASMA AMINO N 


The average difference between duplicate determinations of plasma was 


1.5 per cent or 0.064 mg. per cent of amino nitrogen 


The analytical re- 


sults were checked daily by including a sample of tyrosine or tyrosine and 


glutamic acid with the plasma filtrates. 


Because recoveries of amino nitro- 
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Fig. 1. Plasma amino nitrogen levels obtained from the plasma of individuals. @ 


represents the average of determinations on 


at least two separate plasma filtrates; O 


the average of determinations on a single blood filtrate: * represents female subjects. 


gen from these amino acids were consistently accurate to better than 1 per 
cent, two of the more experienced operators of the Van Slyke manometer 
apparatus did single determinations on many of the later samples (see Fig. 
1). 

The data reported in Fig. 1 were first used to determine the average of 
each individual (Table I, Column 6). 


Then the deviations from this aver- 
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age and the optimum standard deviation estimate, s, were computed, 
s= V> (X—2)*/(n—1), where X is the analytical result, X the arith- 
metical mean of all the data for one individual, and n the number of de- 
terminations. The confidence limits of the individual averages were then 
determined for the 95 per cent probability point (Table I, Column e) 
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according to the equation Pye, = + ts/+/n, where ¢ is the probability factor 
for the 95 per cent point, n — 1 the degrees of freedom (6, 5), and s the op- 
timum standard deviation estimate (Table I, Column d). As an example 
the average of eighteen determinations carried out on subject C. T. is 
4.65 mg. per cent with a 95 per cent confidence limit of +0.07. There is, 
therefore, only 1 chance in 20 that the “true” average of this person’s 
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amino nitrogen is outside the limits 4.72 and 4.58 mg. per cent. There jg 
an even chance that any fasting sample taken from this subject will show 


TaBLe I 

Results of Statistical Computations 
The results in Columns }, d, and e are expressed in mg. per cent of amino 
acid nitrogen. 


: ae 
I onfidence limits 


No. of determi- Average 2 | rd? = 3(X Optimum s.D. | (95 per cent prob- 

















Subject | nations, » —X): estimate, s ability) of 
| average 
a) | (b) (c) d) (e 
Healthy 
G. B. u | 436 | 240 | 0.49 | 0.31 
J. ©. 9 | 3.71 | 2.841 0.595 | 0.41 
M. H. | 9 | 3.94 1.327 0.406 0.28 
J.N. 6 | 4.04 | 0.209 0.203 0.17 
E. N. 7 | 3.98 | 1.031 0.415 0.33 
Psychotic 
cs. 18 4.08 | 0.725 0.201 0.09 
T.8. 18 4.18 2.378 0.374 0.18 
E. R. | 18 | 3.96 0.472 0.166 0.08 
W. H. 18 | 4.75 2.907 0.413 0.20 
D. 8. 19 4.17 1.830 0.310 0.15 
P. W. 18 | 4.00 0.733 0.208 0.10 
C. T. 18 4.65 1.381 0.149 0.07 
H. M. 18 | 4.37 1.806 0.325 | 0.16 
H. B. 18 4.45 1.100 0.254 | 0.18 
W. W. 20 | 4.28 1.415 0.273 | 0.4 
H. J. | 18 . tae |. 2a 0.255 | 0.18 
DH | 19 | 4.08 | 1.346 0.273 | 0.13 
17 individuals............ 4.22 1.472 | 0.207% |  0.18f 


' 








, a > (indivi rerage — 4.22)? 
* Optimum standard deviation estimate = 4/2 Sativideal averse = - ay : 
i — 


2.1 X 0.297 i 
t 95 per cent probability = t1es/+/n = —— ; ty = the probability factor 
‘ 


for 16° of freedom (5). 


a deviation from 4.65 mg. per cent by more or less than 0.149 mg. per cent 
(Table I, Column a). 

The average of all the 262 determinations was found to be 4.26 mg. per 
cent. If, however, the seventeen individual averages (Table I, Column }) 
are averaged, the more reliable total average of 4.22 mg. per cent is found. 
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The optimum standard deviation of the individual average from 4.22 mg. 
per cent is computed to be 0.297. Any specific sample taken differs, of 
course, from the donor’s average value and this variability has been es- 
timated to be 0.307 mg. per cent from the relation 


as f* — 2)* + +++ U(Xir — m1)! 
(ny _ 1) + ee (naz = 1) 

If there was on the average no difference between donors, the standard 
deviation of the donor’s average from 4.22 mg. per cent would be 
0.307/+/15.3 = 0.078 mg. per cent, where 15.3 is the average number of 
determinations per donor. Actually, as shown above, the value is 0.297, 
indicating that there is more difference between donors than would be ex- 
pected from chance causes alone. 

The question remains whether it is likely that any individual would cover 
the full range of possible amino nitrogen values, or whether a certain smaller 
range of values is preferred. In other words, statistically expressed, are all 
the observed values taken from the same source or from different sources? 

Bartlett’s x? test (7) has been used here. 


Crude x? = 2.3031 (log Vo) — (Zdf) (log V)] 
where V = s?, Vo = (= (df)(V))/Zdf, df = (n — 1). 


Both the crude and the corrected value of x*proved that the samples were 
not taken from the same source. A similar result was obtained through 
the analysis of the variance of the individual data and variance of the 
means. 

It is physiologically significant that certain individuals have smaller 
variations from their mean values than other individuals who show wider 
variations. The causes of these individual differences in stability of plasma 
amino acid concentration remain to be investigated, but they may be re- 
lated to the subject’s emotional stability (4), since it has been shown that 
pharmacological stimulation of the sympathetic nervous system causes a 
marked drop in plasma amino nitrogen. 








SUMMARY 


1. Covering a period of about 3 months, an average of 15.3 samples of 
fasting blood has been taken from each of seventeen persons (three women 
and fourteen men) and the plasma amino nitrogen has been determined by 
the ninhydrin manometric method. Fig. 1 shows these data plotted against 
time. 

2. The average amino nitrogen value of all the above 262 determinations 
was 4.26 mg. per cent. 

3. Bartlett’s x? test applied to the above figures and analysis of the vari- 
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ances showed that it is very improbable that the above data were all drawn 
from the same source. It is, therefore, concluded that each individual 
develops his personal average amino nitrogen level and any given sample 
fluctuates around this individual average. 

4. The true average amino nitrogen value is, therefore, more correctly 
determined by averaging the individual averages. This gave the average 
value of 4.22 mg. per cent amino nitrogen. In computing the confidence 
limits of this value, it was determined that there are 19 chances in 20 that 
the true average would lie within the limits of 4.07 and 4.37 mg. per cent, 

5. The basal plasma amino nitrogen values of an individual do not seem 
to fluctuate greatly from day to day, but to develop upward or downward 
trends, which last for a limited number of days. 

6. The range of amino nitrogen in the plasma is an individual function 
that remains fairly constant from month to month. 


The authors are indebted to Miss Mary Ellen Hohl and Miss Thelma 
Warner, Marygrove College, Detroit, for part of the analytical work, and to 
Dr. Oscar Kreisler and Mrs. Edna Newtson, Elgin State Hospital, for their 
assistance in the clinical handling of the patients. 

Special thanks are due to Mr. George W. Thomson (Chemical Research 
Department, Ethyl Corporation, Detroit) for his advice on the statistical 
phase of the work. 
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THE ESTIMATION OF PARATHYROID HORMONE ACTIVITY 
BY ITS EFFECT ON SERUM INORGANIC PHOSPHORUS 
IN THE RAT* 


By HELEN M. TEPPERMAN,+t MAURICE V. L’HEUREUX,{} anp 
ALFRED E. WILHELMI 


(From the Department of Phystological Chemistry, Yale University, New Haven) 
(Received for publication, December 11, 1946) 


The activity of parathyroid hormone preparations is commonly estimated 
by the method of Collip and Clark (1, 2), which has been adopted as a 
standard procedure in the United States Pharmacopoeia. The U. 8S. P. 
unit is defined by this method as 0.01 of the amount of parathyroid hormone 
required to raise the serum calcium of a 10 to 12 kilo dog 1 mg. per cent 
within 16 hours after subcutaneous injection of the material under test. 
The estimate is based on the specified response of the animal, without ref- 
erence to a standard, on the assumption that the response is directly 
proportional to the dose. Miller (3) and Bliss and Rose (4) have shown 
that the method of estimating the serum calcium in the dog has serious limi- 
tations, but that by employing suitable experimental designs (involving 
fairly large numbers of dogs and much time) satisfactory assays of para- 
thyroid hormone preparations may be made in terms of a standard prepa- 
ration employed in parallel with the unknown. 

In either form, the dog serum calcium method is unsuitable for rapid and 
reasonably accurate estimations of the potency of the numerous fractions 
obtained during work on the isolation and purification of the parathyroid 
hormone. From the standpoint of uniformity of material, cost, ease of 
maintenance, and the requirements of number for a single estimation, the 
rat offers every advantage over the dog. The object of this paper is to 
show that male white rats weighing from 150 to 250 gm. exhibit a measur- 
able fall in serum inorganic phosphorus 3 hours after the subcutaneous in- 
jection of parathyroid hormone, that the relation between the fall in 
serum inorganic phosphorus and the logarithm of the dose of hormone is 
substantially linear over the range 12.5 to 100 U.S. P. units, and that this 


*The data forming the basis of this paper were taken from the dissertations sub- 
mitted by Helen Murphy Tepperman and Maurice V. L’Heureux in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy, Yale University, 1942 and 
1$4, respectively. 

t Present address, Department of Pharmacology, School of Medicine, Syracuse 
University, Syracuse, New York. 

t Present address, Department of Biological Chemistry, Loyola University School 
of Medicine, Chicago, Illinois. 
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relationship may be used to estimate the activity of parathyroid hormone 
preparations in terms of a previously determined standard dose-response 
curve, or in terms of a standard preparation tested in parallel, with an ac- 
curacy at least as great as that of the dog serum calcium method and with 
far greater convenience. 


EXPERIMENTAL 


Materials and General Methods—Male albino rats of the Sprague-Dawley 
strain were used. They were fed a standard ration of Purina dog chow and 
were allowed to become accustomed to the laboratory and the diet for at 
least a fortnight before use. Except when otherwise indicated, they were 
not fasted before use, but during the experiments they were allowed only 
water. Since the animals were used in the late morning or early afternoon 
hours, they were considered to be in the postabsorptive state. Blood 
samples were taken without anesthesia, the animal being temporarily 
restrained in a small rat holder. The blood (0.6 ml.) was “milked” from 
the cut end of the tail into 1 ml. centrifuge tubes. The tubes were centri- 
fuged for 10 minutes, and 0.2 ml. samples of the serum were pipetted into 
6 ml. of 10 per cent trichloroacetic acid in 15 ml. centrifuge tubes. A 5ml. 
aliquot of the protein-free supernatant fluid was taken for the determina- 
tion of inorganic phosphorus by the method of Fiske and Subbarow (5), 
modified for the Evelyn photoelectric colorimeter. 

Parathyroid extract (Lilly) was used as a standard preparation through- 
out the experiments. In constructing a dose-response curve the same lot 
of material was used for all of the observations. For doses of less than 100 
units (1 ml.), the extract was diluted with 0.9 per cent sodium chloride 
solution so that in every instance the volume of the test injection was 1 ml. 
Except when otherwise indicated, the test solutions were injected sub- 
cutaneously in 0.5 ml. portions on each side in the lumbar region. The 
injections were made immediately after the initial blood sample was taken, 
and the animals were then placed in individual cages where they remained 
quietly until the time for the final blood sample. In the course of the 
work no animal was used more often than every 2nd and, in most instances, 
every 3rd day. 

The animals first used to determine the response to the hormone and to 
establish the relation between the response and the amount of hormone 
injected are designated in Tables I to VII and in Fig. 1 as Group I, and 
those used later to check the initial observations and to develop the final 
form of the method of estimation are designated as Group II. Each group 
behaved consistently, but the animals of Group I were less sensitive, 
especially to low doses of the hormone, and tended to exhibit a marked rise 
in serum inorganic phosphorus in control experiments in which no hormone 
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was given. ‘The reason for these differences is not clear, but on the basis 
of changes in the behavior of rats of the same strain in other experimental 
work being carried on in the laboratory at the time it is suspected that 
alterations of the ration due to wartime conditions may have been 
responsible. 

Effects of Parathyroid Hormone on Serum Inorganic Phosphorus in the 
Rat—xTable I summarizes observations made upon six series of fed rats: 
three sets of control animals given injections of 1 ml. of 0.9 per cent sodium 
chloride solution, and three others given 50 units of parathyroid hormone 


TaBLe I 
Effect of Parathyroid Hormone on Serum Inorganic Phosphorus of Fed and Fasted Rats 





; 
Serum inorganic phosphorus, mg. per cent 




















Ld State | Dose | Route of injection - Déissmnes from initial 
| Initial | - —__—_—— --— — - 
1 hr. | 2hrs. | 3hrs. | 4 hrs. | 5 hrs. 
Group I 
| | wmils | 
4 | Fed | 0 | Subcutaneous | 8.40 |-+0.65/+1.32/+1.47 
ie | 50 | “ | 9.23 |—1.18) —1.45/—1.72 
Group II 
3 Fed | 0 Subcutaneous | 9.72 |—0.67 ~0.45 —0.79) 
18 - 0 x 9.28 | |—0. 49) | 
+0.14 
16 “| 50 | “ 9.15 —1.73 
+0.11 
2 | Fasted | O | ™ 8.17 |+0.60 +0.08 +0.17 
9 ' 50 ee 8.12 |—0.46 —0.06 —0.01 
22 . 50 ° 8.30 0.44 | 
‘+0.19 
4 - 50 | Intraperitoneal 8.07 —G. te +0.42 +0.82) +1.1) 





subcutaneously. Serum inorganic phosphorus was determined initially, 
and either hourly for 3 hours after the injection or only at the 3rd hour. 
Similar observations were made upon three series of rats fasted for 24 hours, 
and the effects of intraperitoneal injection of 50 units of the hormone were 
studied in a small group of four rats. 

The expectation that a 24 hour fast might lead to more consistent re- 
sponses to the parathyroid hormone was not realized. The responses were 
irregular, small, and transitory. Intraperitoneal injection of the hormone 
into fasted rats produced a modest fall followed by a sustained rise in serum 
inorganic phosphorus during the next 4 hours. Fasted rats seemed, from 
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these observations, to be less suitable for estimating parathyroid activity 
than fed rats. The differences in the responses are interesting and sug- 
gestive, but their detailed study was not relevant to this work, and it was 


therefore deferred. 
In the fed control animals the serum inorganic phosphorus rose (Group I) 


TaBLe II 


Effect of Graded Doses of Parathyroid Hormone, 3 Hours after Subcutaneous Injection, 
on Serum Inorganic Phosphorus of Fed Rats 


Serum inorganic phosphorus, mg. per cent 
No. of ‘ — —s — 


























Do: | ~ - —_ 
ee observations Mean initial — fall 
Group I 
anit i ie units oni ead 
12.5 1.0969 5 8.52 —0.51 —0.20* 
25 1.3979 21 8.98 0.94 | 1.08 
50 1.6999 | 129 | 9.26 1.18 | 1.12 
100 _ 2.0000 8 | 9.18 1.74 1.72 
Group II 
122.5 | 1.0969 | 24 | 9.35 0.70 | 0.60 
25 1.3979 36 9.06 1.04 | 1.09 
50 | 1.6990 121 9.16 1.65 | . 
100 2.0000 | 22 9.00 1.84 1.91 
i | | 




















Relevant statistics for relation between the adjusted fall in serum inorganic 
phosphorus (y) and the log dose of parathyroid hormone (z): 


z,= 1.6070 Reduced [y?] = 71.1120 

9.= «1.4478 s?= 0.3592, n = 198 
{z?] = 12.2394 V(a,) = 0.001769 
[ry] = 19.2574 V(b) = 0.02934 

[y?] = 102.3323 V(b)/b? = 0.01185 


b, = 1.5734 Curvature (mean square) 0.4604,» = 2, F 1.282 


Standard curve (adjusted for w = 9.15 : Y = 1.4478 + 1.5734 (x — 1.6070). 
* The values in bold-faced type were obtained by adjusting all responses to the 


same initial level, 9.15 mg. per cent. 


or fell slightly (Group II) during the 3 hours after injection. In the fed 
animals given 50 units of parathyroid hormone there was a large and fairly 
consistent fall in serum inorganic phosphorus 3 hours after the injection in 
both groups. A few observations not recorded in Table I showed that the 
effect had reached its maximum by the 3rd hour. 

The relation between the amount of parathyroid hormone injected and 
the change in serum inorganic phosphorus occurring 3 hours after the 
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injection was determined in two groups of fed rats. The data are summar- 
ized in Table II and Fig. 1. In Group I a satisfactory relationship between 
the log dose of hormone (in units) and fall in serum inorganic phosphorus 
(in mg. per cent) was not obtained. When the observations were repeated - 
2 years later with adequate numbers of animals, a good linear relationship 
was obtained between the log dose of hormone and fall in serum inorganic 
phosphorus over the whole range between 12.5 and 100 units. Table II 
gives the data for the initial observations (Group II) which were used for 


244 


2.0Fr 


O8F 


O.4F 


l l L l L 
12 aa 1.6 1.8 2.0 
LOG DOSE (UNITS) 








ADJUSTED FALL IN SERUM INORGANIC P(MG.PERCENT) 
i 


Fig. 1. Dose-response curve for parathyroid extract in terms of fall in serum inor- 
ganic phosphorus (adjusted to constant initial level), in mg. per cent (y) against the 
logarithm of the dose, in units (r). Formula of regression line, y = 1.4478 + 1.5734 
(t — 1.6070). 


| subsequent estimations of the activity of preparations of the hormone (6) 
_ plus the extended observations made in the course of additional checks on 


the responses of the animals. No significant differences (such as those 
observed between Groups I and II) appeared between these two portions. 
The preponderance of observations on the response to 50 units of the 


_ hormone is the result of a routine practice of testing all new rats before they 


were used in the estimation of unknown parathyroid hormone preparations, 
since in the preliminary work it was found that some rats fail to respond to 
the hormone. No animal was used if its serum inorganic phosphorus fell 
by less than 0.5 mg. per cent in response to 50 units of the hormone. These 
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data also provided an opportunity for examining the relation between the 
initial level of serum inorganic phosphorus (which tended to be variable) 
and the fall in response to 50 units of the hormone. Since there seemed to 


Tas_e III 
Regressions within Each Dose of Initial Level of Serum Inorganic Phosphorus on 
Fall in Serum Inorganic Phosphorus in Response to Parathyroid Hormone 
The initial level (w), in mg. per cent, is coded, 7 having been subtracted from each 
observed value; fall (y), in mg. per cent. 


Doses of parathyroid hormone 





12.5 units 25 units 50 units 100 units Totals 
S(w) 56.40 74.05 | 261.25 43.99 435.69 
S(y) 16.54 37.39 199.30 40.38 293.91 
S(w?) 141.1638 170.0363 643.5147 95.4277 1050. 1425 
S(y?) 19.1334 57 .0267 387.9908 87.7778 551.9287 
S(wy) 43.2001 87.7392 465.5617 87. 1292 683 . 6302 
[w?] 8.6238 17.7196 79.4522 7.4677 113.2633 
F 24 36 121 22 203 
[wy] 3.6261 10.8300 35.2549 6.3876 56 . 0986 
y?] 7.3173 18.1930 59.7223 13.6622 98. 8948 
b 0.4205 0.6112 0.4437 0.8554 
Reduced [y?] 5.7925 11.5737 14.0797 8.1982 69.6441 
s? 0.2633 0.3404 0.3704 0.4099 
n 22 34 119 20 
Adjusted [y*] (for 5. S472 11.7929 44.3304 9.1415 71.1120 
.b = 0.5) 


Combined values: [w?]. = 113.2633; [wy]. = 56.0986; b. = 0.4953; V(b.) = 0.003153; 
w. = 2.15 + 0.05. 
Observed values of y may be adjusted to the same initial level by applying the 
equation, Ye = Yo — 0.5 (we — 9.15). 
TaBLe IV 
Analysis of Variance of Data of Table IIT to Determine Significance of Differences 
between Slopes at Each Dose Level 


Source of variation | Degrees of freedom | Mean square F 
Effect of combined slope......... l 27.7853 
Variation in slope 3 0.4884 1.37 
Deviations from individual slopes.. 195 0.3571 


F = 0.4884/0.3571 = 1.37 (F for 5 per cent level of significance = 2.65). 


be a significant relation between these quantities at 50 units, the data of 
Group II were examined in detail for this effect at each dose level. 

Table III presents the data from the 203 observations of Group II for 
the regressions within each dose of fall in serum inorganic phosphorus (y, 
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in mg. per cent) on initial level (w, in mg. per cent), and in Table IV an 
analysis of variance for estimating the significance of the differences between 
slopes is presented. An effect of initial level upon fall was seen at each dose 
level, and the analysis presented in Table IV showed that the differences in 
slopes (b) for the different doses were not significant, so that the effect was 
substantially the same at each dose level. It was therefore possible to 
calculate a combined slope (b.) which could be used to adjust the observed 
values of the fall in serum inorganic phosphorus to the values they would 
have if the initial level were the same in each instance. This was done by 
means of the equation, y¥2. = y. — b.(w — ®), where y, is the observed, and 
ye is the adjusted fall in serum inorganic phosphorus (in mg. per cent), 
b. is the combined slope of the regression of initial level on fall, w is the 
observed initial level of serum inorganic phosphorus (in mg. per cent), and 
@ is the mean initial level observed for the 203 observations of Group IT. 
The combined slope, b., is 0.4953 + 0.0561. No serious error is introduced 
if the value 0.5 is taken for convenience. ‘The value of @, from Table ITT, 
is 9.15 mg. per cent. 

Before the regression of fall in serum inorganic phosphorus on the log 
dose of hormone was calculated, all of the values were adjusted to the same 
initial level of serum inorganic phosphorus by means of the relation set 
forth in the foregoing paragraph. This has the effect of eliminating 
errors due to variation in the initial levels of serum inorganic phosphorus, 
and brings about a corresponding reduction in the errors of the estimates of 
relative potency of unknown parathyroid preparations. 

Estimation of Relative Potency of Parathyroid Hormone Preparations. 
Short Procedure with Predetermined Standard Dose-Response Curve—The 
preparation to be tested is given to six animals at two dose levels selected so 
that as nearly as possible the responses will be restricted to the central 
portion of the standard curve. The doses of the unknown (measured in mg. 
of nitrogen) are put into the same terms as the standard by converting them 
to their logarithmic equivalents in U. 8. P. units on the basis of 100 units 
per mg. of nitrogen (which is the average potency of the commercial 
preparation used as a standard). The fall in serum inorganic phosphorus 
3 hours afte» the injection is determined in each of the six rats and is cor- 
rected to the initial preinjection level of 9.15 mg. per cent, as described in 
the foregoing section. The log ratio of the potencies of the unknown and 
the standard is then calculated by the standard procedure modified for the 
use of a predetermined standard dose-response curve.! These operations 
are illustrated in detail in a representative estimation made upon a pre- 
paration obtained in the course of work on the isolation of the parathyroid 


' Bliss, C. I., personal communication. 
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hormone ((6) Table I, B acid, acetone Fraction D1). The experimental 
data and the derived statistics are presented in Table V. 

If the unknown sample produces the same biological response as the 
standard, a plot of the responses to the unknown should yield a line sub- 
stantially parallel to the standard line, so that a combined slope will fit 
both sets of observations. On the log dose scale the horizontal distance 
between the two parallel lines is the log ratio of the potencies, M, which 
may be calculated from the equation 

te — 


M = 2, — 2, + ——— 
{f= 2%,—2%+ 7 (1) 


TABLE V 


Data for Estimation of Potency of Unknown Parathyroid Hormone Preparation by 
Method of Comparison with Predetermined Dose-Response Curve 























Serum inorganic phosphorus, mg. per cent 
Rat No. Dose 7 ceutical 
Initial | Fall Adjusted fall, y 
mg. of N log units, x 
97 0.2 1.3010 8.86 | 0.86 | 0.915 
98 0.2 1.3010 9.66 | 1.66 1.405 
99 0.2 1.3010 9.37 1.37 1.260 
100 0.5 1.6990 10.51 | 3.15 | 2.470 
101 | 0.5 1.6990 9.95 2.31 1.910 
102 | 0.5 1.6990 8.95 | 1.87 | 1.970 








Derived statistics, number of observations (N) = 6. 


S(x), log dose (units) 9.0000 [zy] = S(zy) — 2.S(y) = 0.55123 


S(z*) = 13.7376 b = [zy]/[z?] = 2.320 

S(y), fall (adjusted) = 9.930 Reduced [y*] = [y*] — b[xy] = 0.31575 
S(y*) = 18.02875 Adjusted [y*] = b,*[z*] — 2b,{xy] + [y?l, 
S(zry) = 15.44623 = 0.4483 


1.5000 s* = adjusted [y*]/(N — 1) = 0.08966 
1.6550 V(a,) = s?/N = 0.01494 

0.2376 b, = slope of standard dose-response 
1.59460 curve = 1.57 


#,., mean log dose 

Ju, mean adjusted fall 
[x2] = S(z*) — 2,S(z) 
[y?] = S(y?) — guS(y) 


Expected Y = 1.2794 at X = 1.500, M = 0.2387 + 0.0834. ® 


huhu wi 


in which #, is the mean log dose for the standard, 7, that for the unknown 
7, is the mean response to the standard, 7, that to the unknown, and }, is 
the slope of the standard dose-response curve. The standard error of M, 
8m, is estimated by the equation 





1 a is s b, 
su = 5 / Vids) + V(a,) + Ze — FV OW) (2) 


b} 
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in which V(a,,) and V (a,) are the variances of the mean response of unknown 
and standard respectively about the parallel dose-response curves, V(b,) 
is the variance of the slope of the standard dose-response curve, and the 
other terms have the same significance as in equation (1). The standard 
error of the relative potency may be computed directly, when sy is small, 


by 
s.e. of relative potency = 2.303 sy (100 antilog M) (3) 


The values for &,, J, bs, V(a.), and V(b,)/b,2, computed from the data for 
the standard curve, are presented in Table II. The correction for the use 
of the predetermined dose-response curve involves, first, testing to see 
whether the slope of the curve of the responses for the unknowns is not 
significantly different from the slope of the standard dose-response curve. 
In the example cited, the slope for the unknowns is 2.32, and its standard 
error is +0.58; it is clearly not significantly different from the predeter- 
mined slope, 1.57. The correction may therefore be applied by making an 
estimate of [y*] not as usual in terms of the sum of the squares of the dis- 
tances of the observed y from the regression line for the experimental 
points, but in terms of the sum of the squares of the distances of the 
observed y from that line rotated around its mid-point to make its slope the 
same as that of the standard curve. This is done by means of the equation 


Adjusted [y*] = 6,*%(z*] — 2b,[zy] + [y?] 


where b, is the slope of the standard curve. The adjusted [y*] is then used 
to calculate s,? and to estimate V(a,). 

Substitution of the relevant figures from Tables II and V in equation (1) 
yields 


1.6550 — 1.4497 
M = 1.607 — 1.500 + 157 = 0.2378 





and, from equation (2), 
i ; cian — = 0.0836 
‘y= V 0.01507 + 0.0017 + (1.655 — 1.4497)*(0.0118) 
The estimated value of M + sy is therefore 0.2378 + 0.0836. The potency 
of the unknown, in per cent of the standard, is found by multiplying 
antilog JJ by 100: 1.73 X 100 = 173 per cent. From equation (3) the 
error of the estimate is (2.303) (0.0836) (173) = +33 per cent. On the 
basis of the standard preparation assaying 100 U. S. P. units per mg. of 
nitrogen, the estimated potency of the unknown is therefore 173 + 33 
units per mg. of nitrogen. 
This is fairly representative of the results obtainable in the routine use of 
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the method for thé estimation of parathyroid activity in numerous frac- 
tions obtained during the isolation and partial purification of the para- 
thyroid hormone (6). In the example cited, the slope of the regression 
line of the observed points deviated rather more than usual from the slope 
of the standard curve, and the error of the estimate is correspondingly 
large. It is realized that the errors of the method are appreciable, and that 
the method cannot be relied upon to detect small differences in relative 
potency. But since even the best of contemporary parathyroid hormone 
preparations are crude, large increases in potency may still be anticipated 
in the course of purification, and the method can be relied upon to detect 
such increases. 

Estimation of Parathyroid Activity with Standard and Unknown Prepara- 
tions Employed in Parallel—Bliss and Rose (4) have shown that by the 
application of proper experimental designs, the ‘Latin square” arrange- 
ment or the simpler ‘symmetrical pairs’? method of Yates, the assay of 
parathyroid hormone by the dog serum calcium method can be improved. 
Such designs, correctly applied, increase the precision of the estimates by 
segregating differences due to animals, days, etc., and may yield informa- 
tion leading to improvement in the assay itself. Such an instance is the 
discovery by Bliss and Rose that the final level of serum calcium in the dog 
provides as good a measure of the effect of parathyroid hormone as the 
increase in serum calcium. Alternatively, these designs may provide 
greater insight into the mechanism of the biological activity that is being 
studied. 

In order to see how well the rat serum inorganic phosphorus method 
compares with the dog serum calcium method in a more rigorous experi- 
mental design, a single trial assay by the symmetrical pairs method of 
Yates was undertaken. As the design was applied, each rat was injected 
at an interval of 5 days, once with one treatment and once with another. 
Four treatments were used, U,, Us, 8;, So, the letters U and § referring to 
unknown and standard, and the subscripts | and 2 to the different doses. 
In this instance, the unknown was the standard itself in the same dilution. 
Each treatment was paired equally often with every other, so that six 
rats were required to cover all possible combinations. Because of the 
interval between successive treatments, each pair of treatments was applied 
at the same time in reverse order to six additional rats. 

The data for the complete set of twelve rats, tested as described, are 
presented in Table VI. The statistical calculations were carried out so as 
to recover interpair information, as described by Bliss (7), and will not be 
presented in detail. The calculations were made in terms of the fall from 
the initial level of serum inorganic phosphorus, and the adjustment for 
differences in the initial level was determined by covariance. Differences 
in body weight were not adjusted. 
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TABLE VI 


Data on Responses of One Set of Twelve Rats to Parathyroid Hormone in Yates 
Symmetrical Pairs Assay 

Doses, 25 U.S. P. units (U; and 8,) and 80 U.S. P. units (U. and 8,); volume of 

injection in each instance, 1 ml. 





Treatment Serum inorganic phosphorus, mg. per cent 

A cei: Vial dia Body weight Initial Fall from initial 
Fane 25 yams & June 25 | June 30 | June 25 June 30 June 25 | Jane 30 : 

° gm. gm. | 

si U, Uy 198 | 212 | 8.06 8.32 0.35 | 1.79 
q2/ « Ss, | 216 | 228 9.37 7.82 1.25 | 0.29 
3 “ 8. 200 = -:204 8.60 8.18 0.66 | 1.75 
4 U; Ss; 212 | 220 9.06 | 7.19 1.87 | 0.71 
i Ss. 196 | 208 | 9.37 | 8.80 2.01 | 2.11 
6 | 8: — | ae | 19% | 9.06 | 9.72 | 1.7 1.72 
7 | U; Ui | 193 | 216 | 10.38 | 9.72 | 2.06 | 0.98 
s| s& «“ | 196 | 205 | 10.10 | 9.01 | 1.24 | 0.58 
9 | & a 188 | 200 | 9.95 | 9.32 | 2.19 | 1.44 
10 | 8; U, 193 212 | 9.37 | 10.23 1.31 1.86 
1 | 8 “ —} 191 | 208 | 10.01 | 9.52 | 1.95 | 2.16 
2 | « S| 200 | 220 | 9.65 | 9.52 | 2.01 | 0.78 





TaBie VII 


Analysis of Variance in Parathyroid Assay Based on Fall in Serum Inorganic 
Phosphorus in Rat (Yates) (Symmetrical Pairs, Analyzed to Segregate Interrat 














Error) 
Variation due to Degrees of freedom | Sum of squares Mean square 

EE ee | 1 | 0.2460 

Rats, from replicated rows....... 6 | 0.7805 0.1301 
Doses, ignoring groups............. 3 6.2409 

Grouping, eliminating dose... 5 0.3035 0.0607 
Intragroup error...................) 8 1.1090 | 0.1386 = s,? 

eee ree | 8.6799 





Treatment effects: 

(1) Differences between S and U = 7, = —0.7 
(2) - due to doses (slope) = 7, = 12.19 
(3) <4 « parallels = 7T.. = 0.79 
“Just significant difference’? = c = (approximately) 4.206 (P = 0.05; ¢ = 2.306) 
Log interval between doses = i = 0.5052 
“ratio of potencies = i T./T, = 1.9689 
Confidence limits (P = 0.05), 

x, - te Tot cVT? +T?—c) +0.1509 

_ (T? — ce) ~ 7.7786 
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A summary of the results of the analysis is presented in Table VII. 
It is seen that in this experiment the error between rats (grouping, eliminat- 
ing dose, 0.0607) is smaller than the error within rats (intragroup error, 
0.1386). Thus no adjustment of the treatment effects for interrat error is 
necessary, and the error variance for intrarat error, s° = 0.1.86, is used 
directly in the subsequent calculations. This result is unexpected, and, 
since it might not occur in additional trials, it is probably advisable to 
continue segregating the interrat error as a safeguard in future experiments. 
In the analysis of covariance for the effect of differences in initial level 
of serum inorganic phosphorus it was found that adjustment for differences 
in initial level had little effect on the intrarat error but diminished the inter- 
rat error significantly. If this proved to be a consistent effect in additional 
experiments, an adjustment for interrat error might be made unnecessary 
by calculating the results in terms of the responses adjusted to the same 
initial level of serum inorganic phosphorus, just as it was done for the 
standard dose-response curve described in the foregoing section. In this 
experiment, however, the slope of the regression of initial level on fall was 
0.2 rather than 0.5, the value found for the observations on the standard 
dose-response curve. If an adjustment for variations in initial level is to 
be made in experiments in this design, it may be necessary to determine the 
effects of the procedure on the relation between initial level and fall. 

The significance of the treatment effects may be assessed by comparing 
them with the “just significant difference,” c, calculated from the relation, 
c? = 24 s,2 @, in which ¢ is the value, derived from Fisher’s (8) table of ¢, 
for P = 0.05 and for the number of degrees of freedom for s,°._ (This value 
of c may be approximate rather than exact.) The treatment effects for 
differences in potency between the standard and the unknown (7’,), for 
parallelism of the standard and unknown dose-response curves (7'-), and 
for the slopes of the dose-response curves, 7.e. for the effect of the differ- 
ence in dose levels (7',), are calculated by a factorial analysis of the data, 
as described by Bliss (7). Since there was no difference between the 
standard and the unknown, 7, should be very much smaller than c. If 
the regression lines relating dose and response are substantially parallel, T. 
should be smaller than c. If the assay has properly discriminated differ- 
ences in dose levels, 7, should be very much larger than c. Table VII 
shows that these conditions are fulfilled, and the assay is therefore valid. 

The estimate of the log ratio of the potencies, 1.9689, indicates that the 
potency of the unknown is 93.1 per cent of that of the standard. It is in 
satisfactory agreement with the known identity of the unknown and the 
standard. The confidence limits (9), X,, of 0.1509 and 1.7786 indicate 
that, in a series of repetitions of the assay, only 1 in 20 would yield an 
estimate of relative potency lying outside the limits of 142 and 60 per cent. 
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These limits may, of course, be narrowed by replication of the experiment. 
In a similar experiment with the dog serum calcium method, with three 
sets of twelve dogs (4, 8), the estimate of relative potency for an unknown 
identical with the standard was 120.4 per cent, with confidence limits at 
P = 0.05 of 95 and 160 per cent. The data of the rat experiment suggest 
that with three sets of twelve rats as good or better estimates might be 
achieved. 
DISCUSSION 


The work described in this paper was undertaken in order to devise a 
suitable method for use in work on the isolation and purification of the 
parathyroid hormone. Although the serum inorganic phosphorus is a 
variable easily susceptible to a number of influences, the evidence presented 
above indicates that in the fed male white rat changes in the level of serum 
inorganic phosphorus occurring in a short time after the subcutaneous 
injection of parathyroid hormone are sufficiently consistent to provide 
reasonably accurate estimates of the amount of hormone injected. The 
method with six rats at two dose levels against a predetermined standard 
dose-response curve was at first employed in a form relating percentage 
fall in serum inorganic phosphorus to log dose of hormone. This procedure 
was abandoned as unsuitable after the analysis of the relation between 
initial level and fall in serum inorganic phosphorus showed that the effect of 
variations in initial level could be eliminated by adjusting the observed 
falls to a constant initial level, and the absolute fall (adjusted) was there- 
fore used as the measure of the response. The estimate of relative potency 
of the preparation described in Table V, based upon the percentage fall in 
serum inorganic phosphorus, was M = 0.3120 + 0.1236 (205 + 58 per 
cent), as compared with the estimate, based on adjusted fall, of 0.2378 + 
0.0836 (173 + 33 per cent). There is no great difference in the value for 
relative potency, but in the second instance the error of the estimate is 
considerably reduced. 

The variability of the responses are such that an estimation with a small 
number of animals and a predetermined dose-response curve can be relied 
upon only to distinguish fairly large differences in relative potency between 
different parathyroid hormone preparations. Such a method, however, 
isimmensely useful in following the major steps of purification in the prep- 
aration of the hormone. It offers all the advantages over the dog serum 
calcium method which were cited in the introduction to this paper. In 
addition, it may offer more reliable estimates of relative potency, since the 
dog serum calcium method, as it has been employed by most investigators, 
is based on the assumption that the response is directly proportional to the 
dose rather than to the logarithm of the dose (3), and this is likely to increase 
the uncertainty of the estimates of parathyroid activity. 
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The trial of the Yates symmetrical pairs design shows that the rat serum 
inorganic phosphorus method is suitable for the proper assay of the para- 
thyroid hormone and is comparable in performance with the dog serum 
‘alcium method, as used by Bliss and Rose (4) and by Bliss (7). The data 
of this experiment were at first analyzed by the original procedure of Yates, 
as described by Bliss and Rose (4), with results that compared well with 
theirs. The recent development of a method for segregating interpair 
information (7) made it seem desirable to apply this method to these data. 
The information gained on the relation between intrapair and interpair 
error indicates that, if further trial of the design shows this relation to be 
consistent, a procedure in a simpler design may be adopted which, because 
of its ease of replication, may lead to a considerable reduction in the errors 
of the estimates of relative potency. Even in its present form, however, 
the assay, which can easily be carried out by a single experienced person, 
may be most useful in the final critical stages of purification as well as in 
the routine standardization of the parathyroid hormone. 

It is realized that the method in its present form is as yet imperfect. 
If, as is suspected, the differences in behavior of the rats in Groups I and 
II are due to differences in the ration, it is possible that a careful study of 
the effects of the composition of the diet on the response to the hormone may 
lead to the discovery of conditions in which the sensitivity of the animals 
and the uniformity of their responses to the hormone can be greatly in- 
creased. Such a study may also throw light upon another characteristic of 
the rats used in this investigation, the high levels of serum inorganic 
phosphorus both in the fed and in the fasted state. These values were at 
first regarded with suspicion, and the method was carefully checked and 
rechecked several times in the course of the investigation. No technical 
errors were discovered, and the observed values were consistently obtained 
in the more than 350 rats used in this study. This may be a property of the 
strain of rats used. If so, it is possible that this “hypoparathyroid” 
characteristic of the rat is essential to the success of the method. 


The authors are glad to acknowledge their gratitude to Dr. C. I. Bliss, 
of the Connecticut Agricultural Experiment Station, for his generously 
given advice and criticism on the statistical problems arising in this work. 


SUMMARY 


Evidence is presented to show that the subcutaneous injection of para- 
thyroid hormone into male albino rats in the fed (postabsorptive) state 
produces in 3 hours a fall in serum inorganic phosphorus which is directly 
proportional to the logarithm of the dose of hormone administered (in 
U. S. P. units). This relation can be used to establish a standard dose- 
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response curve with which it is possible to carry out simple and rapid 
estimations of parathyroid activity in preparations derived in the course of 
chemical work on the isolation and purification of the hormone. 

An example is given of an assay employing twelve rats in a more rigorous 
experimental design, the symmetrical pairs design of Yates, which demon- 
strates that the rat serum inorganic phosphorus method is comparable in 
reliability and accuracy with the dog serum calcium method, employed in 
the same design, for the estimation of parathyroid hormone activity. 
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A NEW PREPARATION OF THE PARATHYROID HORMONE* 


By MAURICE V. L’HEUREUX,t HELEN M. TEPPERMAN,{ anp 
ALFRED E. WILHELMI 


(From the Deparment of Physiological Chemistry, Yale University, New Haven) 
(Received for publication, December 11, 1946) 


The first successful attempt to obtain more active preparations of the 
parathyroid hormone than those described by Collip and Clark (1) was 
reported by Ross and Wood (2) in 1942. Their method was based upon an 
extraction of beef parathyroid glands with hot dilute acid, followed by 
fractionation of the extract with alcohol and then with ammonium sulfate, 
and adsorption of the active principle onto benzoic acid. They obtained a 
sries of preparations with a “nitrogen potency,” activity in U. S. P. 
units per mg. of nitrogen, of 200 to 300, 2 to 3 times as active as the best 
preparations of Collip and Clark. This paper is a report upon another 
method of securing parathyroid hormone preparations of nitrogen potency 
20 to 300 in decidedly greater yields than those achieved by Ross and 
Wood. 

The new method has three principal steps: (1) preparation of a dry, 
relatively fat-free gland powder; (2) extraction of the gland powder with 
warm dilute hydrochloric acid; (3) fractionation of the cleared extract with 
acetone. The procedure yields about 10,000 units per 100 gm. of fresh 
glands, several times the quantities obtained by previous methods. The 
activity of the preparations was in each instance estimated by their effect 
on the serum phosphorus of the rat, as described in the foregoing paper (3). 


EXPERIMENTAL 


Materials and General Methods—Fresh frozen beef parathyroid glands 
were stored in a freezer and worked up in small lots as required. U.S. P. 
acetone and chloroform were used in the defatting of the glands. The 
acetone used in the fractionations was carefully redistilled. Nitrogen was 
determined by the micro-Kjeldahl method. The potency of most of the 
fractions was tested on groups of six rats at two different dose levels, as 


*The data forming the basis of this paper were taken from the dissertations sub- 
mitted by Helen Murphy Tepperman and Maurice V. L’Heureux in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy, Yale University, 1942 and 
IM4, respectively. 

t Present address, Department of Biological Chemistry, Loyola University School 
of Medicine, Chicago, Illinois. 

{Present address, Department of Pharmacology, School of Medicine, Syracuse 
University, Syracuse, New York. 
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described for the short method of estimation of parathyroid activity in the 
foregoing paper (3). 

Isolation of Active Material—(1) Preparation of gland powder. The 
frozen glands are thawed out and ground to a coarse pulp by passing them 
five times through a meat grinder. The pulp is mixed with coarsely ground 
solid carbon dioxide and refrozen. This material is passed through a 
mechanical grinder (Straub), previously chilled with dry ice, first with a 
coarse setting of the cutting plate and again with a fine plate setting. 
After the solid carbon dioxide has evaporated from the powder in the cold, 
the ground tissue is suspended in acetone (250 ml. per 100 gm. of fresh 
glands) for 10 minutes and filtered by suction. This treatment is repeated 
with one-half the amount of acetone. The residue is then stirred with 
chloroform (200 ml. per 100 gm. of fresh glands) for 20 minutes and filtered 
by suction. The treatment is repeated with one-third the amount of 
chloroform. The tissue powder is rinsed with a little acetone and dried 
in an airstream. The material may be extracted immediately or preserved 
in the cold until required. It appears to retain its activity for at least 
several months. 

(2) Hydrochloric acid extraction. The gland powder is suspended in 
warm (40°) 0.2 n hydrochloric acid (10 ml. per gm. of powder). The 
mixture is heated to 70-80° in a water bath for 5 minutes, after which the 
bath is removed and the extraction is continued for 2 hours. Efficient 
mechanical stirring is maintained throughout the entire process. The 
mixture is centrifuged for 45 minutes at 1500 r.P.M., and the opaque super- 
natant liquid is decanted. The residue is washed repeatedly on the centri- 
fuge with small lots of distilled water until the volume of the combined 
supernatant liquids totals 1.5 times that of the 0.2 n hydrochloric acid 
used in the extraction. The extract is cleared of fat and tissue particles 
by filtration through a pad of filter paper pulp with the aid of a little 
suction. A water-clear or slightly opalescent solution is thus obtained. 

(3) Fractionation with acetone. 4 volumes of acetone are stirred 
into the combined extract and washings (acid to Congo red). A precipitate 
flocculates and settles rapidly. After the mixture has stood for 2 hours in 
the cold, it is filtered through a Biichner funnel. The precipitate is washed 
with 80 per cent acid acetone (acid to Congo red) and discarded. The 
washings are added to the filtrate. When the filtrate is carefully neutral- 
ized to litmus with 2 N sodium hydroxide, a precipitate forms. Precipita- 
tion is completed by increasing the acetone concentration of the mixture to 
86 per cent by volume. The precipitate is allowed to settle overnight in 
the cold, is collected at the centrifuge, washed three times with anhydrous 
acetone, and dried over sulfuric acid in a vacuum desiccator in the cold. 

The details of one preparation are summarized in Table I, A. The 
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activity of the cleared extract was estimated upon suitable amounts of a 
lyophilized 10 ml. aliquot. Since the material insoluble in 80 per cent acid 
acetone appeared to be inert (early trials showed that it was inactive at 
dose levels of 5 mg. of nitrogen), no estimations were made on this fraction. 
The material remaining in solution in neutral 86 per cent acetone was 


TaBLe I 
Extraction of Parathyroid Powder 


% | 











Nitrogen Total 
potency* units 





Fraction Yield Nitrogen 
| 


A. Typical extraction of parathyroid gland powdert 
































gm. per cent | gm. 

HCl extract, 10 ml. aliquot | 0.147 | 13.0 | 0.019 36+ 9 | 41,050 

8% neutral acetone ppt. 1.719 | 12.1 0.208 | 209+ 64 43 ,450 

Residue 0.557 | 1.7 | 0.009 

B. Summary of results of acetone fractionation of acid extracts of gland powder 

HCl extract D3 | 0.365¢ | 28+ 12 | 10,200t 
D4 | 0.360$ | 36+ 9 | 12,200f 
D6 0.441 | 762 17 | 33,500f 

90% acid acetone ppt. D1 0.028 | 173+ 33 4,850 
D2 | 0.036 | 181+ 36 6,500 
D3 0.036f | 311+ 75 11,200f 

8% neutral acetone ppt. D3§ 0.005f | 239+ 35 1,200} 
D4 0.065¢ | 209+ 64 13,600t 
D6 | | 0.053t | 560 + 144 | 29,680t 











C. Fractionation of crude parathyroid preparation (Ross) 








8% neutral acetone ppt. 8.5 14.4 1.224 | 184+ 47 | 225,200 
Same, retested 30 days later 109 + 20 | 133,400 





Starting material 19.5 | 12.8 2.496 | 52+ 15 | 129,800 
| 
| 





* Potency in U.S. P. units per mg. of nitrogen. 

t Extraction D4, 28.5 gm. of parathyroid gland powder (equivalent to 318 gm. 
of fresh glands); final volume of cleared extract, 600 ml. 

t Yield in gm. of nitrogen, and total units, expressed per 100 gm. of fresh glands. 

§ Bulk of active material removed in 90 per cent acid acetone precipitate. 


recovered by distilling off the acetone under reduced pressure, dialyzing the 
aqueous solution against distilled water in the refrigerator, and lyophilizing 
the neutral dialyzed solution. The residue contained a little nitrogen 
accompanied by some non-nitrogenous, non-dialyzable material. In two 
estimations, the nitrogen potency of this fraction was found to be 129 + 31 
and 126 + 30 units. No considerable amount of active material is there- 
fore lost in the residue. 
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Table I, B summarizes data from five preparations made in the course 
of developing the procedure. In each instance a large amount of inert 
material was precipitated from 80 per cent acid acetone solutions of the 
extracts. Most of the active material could be precipitated from acid 
solution by raising the acetone concentration to 90 per cent, but the 
recovery of activity was more complete if the 80 per cent acid acetone solu- 
tion was first neutralized and then brought to 86 to 90 per cent of acetone, 
Table I shows in the estimates of total activity in the hydrochloric acid 
extract and in the estimates made upon the active fractions that the 
procedure brings about a 7- to 10-fold increase in activity with little or no 
loss, and that the total yields are of the order of 10,000 units per 100 gm. of 
fresh glands. 

At a time when fresh parathyroid glands were unobtainable, we were 
provided with 810 gm. of a dried beef parathyroid gland powder which 
had been prepared as follows:! 10 pounds of fresh beef parathyroid glands 
were ground through an Enterprise grinder into 16 liters of acetone. The 
mixture was stirred for an hour, filtered, and stirred for an hour twice with 
4 liters of acetone. The tissue was then stirred for an hour twice with 4 
liters of ether, the first mixture being allowed to stand overnight. The 
tissue was filtered off, dried in air, and ground through a corn mill. Three 
lots of 90, 72, and 54 gm. of this material were extracted with dilute acid 
and fractionated with acetone, as described above. No highly active 
fractions were obtained. The indicated nitrogen potency of the best acid 
extract was less than 10 units, and that of the 90 per cent neutral acetone 
precipitates was only 30 to 40 units. These failures must be reported 
without an adequate explanation. The amounts of nitrogen extracted and 
the partition of nitrogen between the acid and neutral acetone fractions 
were not very different from those observed in the earlier preparations. 
It may be pointed out that in our procedure the defatting of the glands is 
less thorough and is carried out in the cold, and the final grinding is done at 
low temperature. It is possible that dry grinding at room temperature 
denatures and destroys the activity of the material 

This disturbing experience led us to repeat our procedure on a small 
batch of 175 gm. of fresh frozen beef parathyroid glands that had been held 
in reserve. This was Preparation D6 (Table I, B). The results were 
satisfactory and were not inconsistent with those of the earlier preparations, 
although the estimates of potency both of the extract and of the neutral 
acetone fraction were higher than usual. In these estimations the rats 
used had somewhat lower initial levels of serum inorganic phosphorus than 


1 We are glad to acknowledge our gratitude to Dr. Irvine H. Page and to Dr. H. W. 
Rhodehamel, of Eli Lilly and Company, for their generous efforts to help us in an 


emergency. 
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were ordinarily found. The adjustment of the observed responses to the 
same initial level as that for the observations on the standard curve (3) 
was larger than usual, and it had the effect of increasing the response in 
every instance. The errors of the estimates indicate that they do not fall 
far outside of the expected range in a series of observations. It may be 
concluded, then, that reproducible results can be obtained if the entire 
procedure of preparation and extraction is followed exactly. 

Through the generosity of Dr. William F. Ross, then of the Department 
of Biochemistry, Harvard Medical School, about 20 gm. of a crude para- 
thyroid hormone preparation were given to us. This is the starting 
material for the ammonium sulfate fractionation of Ross and Wood (2). 
Its nitrogen potency, estimated by the dog serum calcium method (4, 5), 
was stated to be about 30 units. Our estimate, with the rat serum phos- 
phorus method (3), was in fair agreement: 52 + 15 units. 19.5 gm. of 
this material were dissolved in 1300 ml. of 50 per cent acid acetone (pH 2), 
inert material was precipitated by raising the acetone concentration to 80 
per cent, and an active fraction was obtained as usual from 86 per cent 
neutral acetone. This precipitate was dissolved in dilute acid, forming a 
solution of pH 3.5, and solid ammonium sulfate was added to 0.6 satura- 
tion. The solution stood overnight in the cold. It was then centrifuged 
and the precipitate was suspended in water, thoroughly dialyzed against 
distilled water, and finally lyophilized. The results of the estimates of 
potency on this material are presented in Table I, C. The two estimates 
of potency do not differ significantly. About one-half of the nitrogen of 
the starting material was recovered in the active fraction, and the increase 
in activity was about 2-fold. The level of nitrogen potency attained in 
this fractionation was much less than that of the similar fractions of Table 
I, B, and it is about the same as that attained by Ross and Wood (2) after 
ammonium sulfate fractionation of their starting material. Although the 
recovery of total activity in the acetone fractionation is good, the results 
suggest that material obtained by digestion of the glands in hot acid is not 
as susceptible to fractionation by acetone as the product of the mild acid 
extraction of the gland powder. 

Some General Properties of Active Fractions—The active materials ob- 
tained by the new method are light brown amorphous powders. They 
dissolve readily in dilute acid to form clear yellow-brown solutions. Like 
the preparations of Ross and Wood, they are fairly insoluble over the 
range, pH 4.5 to 10. The active material is soluble in 80 per cent alcohol 
and in 80 per cent acid acetone, but is largely insoluble in 90 per cent acid or 
neutral acetone. The 90 per cent acid acetone precipitates contain 13 to 14 
per cent of nitrogen; the neutral acetone precipitates contain varying 
amounts of sodium chloride and the nitrogen contents are diminished 
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proportionately. The preparations gave positive biuret and negative 
Molisch tests. 

At pH 3.5 and —5-0°, ammonium sulfate in concentrations greater than 
0.22 saturated precipitated active material, but no concentration of 
activity was gained in this process and about 50 per cent of the total 
activity was lost. Attempts to secure more active fractions by isoelectric 
precipitation were only moderately successful. In one instance, 1.014 gm. 
of a 90 per cent acid acetone precipitate (Fraction D2, Table I, B) were 
dissolved in 25 ml. of water. ‘To this solution (initial pH 2.0) 0.1 mM sodium 
hydroxide was added slowly until maximum precipitation was obtained at 
pH 6.8. The mixture was centrifuged, the water-clear supernatant solu- 
tion was decanted and lyophilized, and the precipitate was washed four 
times with anhydrous acetone and dried in vacuo over sulfuric acid. The 

















TABLE II 
Isoelectric Precipitation of 90 Per Cent Acid Acetone Fraction of Parathyroid Gland 
Extract 
Fraction | Amount | Nitrogen poo | = 
a bee " Gen cunt | F im. | aa i ir 
90% acid acetone fraction, D2/ 1.014 | 14.0 | 0.142 | 181 4 36 | 25,700 
pH 6.8 ppt. | 0.578 | 15.6 | 0.090 | 162 + 36 | 14,600 
** 6.8 supernatant | 0.299 11.3 | 0.034 | 354 + 88 | 12,000 





products were weighed, analyzed for nitrogen, and assayed, with the 
results shown in Table II. The recovery of total activity was good and the 
supernatant fraction, one of the most active achieved in this work, repre- 
sented about 50 per cent of the total activity. Repeated isoelectric pre- 
cipitation might have increased the yield of more highly active material, 
but, since the partition of activity was nearly equal and the more active 
fraction was still heterogeneous, this procedure was not considered an 
efficient step in the purification of the hormone. 

The electrophoretic behavior of the more active fraction from the 
isoelectric precipitation and of a 90 per cent acid acetone precipitate 
(Fraction D3, Table I, B) was studied in a Tiselius apparatus with the 
cell modification suggested by Longsworth. The protein boundaries were 
observed with the aid of the Philpot scanning device, and were photo- 
graphed at suitable time intervals. For the experiments, 2 per cent solu- 
tions of the materials in acetate buffer (0.1 m, pH 3.5, ionic strength 0.1) 
were prepared and dialyzed against the buffer for 15 hours. The results 
are illustrated in Fig. 1. Both of the preparations are seen to be hetero- 
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Fic. 1. Electrophoretic patterns of the ascending boundaries in two experiments 
vith parathyroid hormone preparations. Protein concentration, 2 per cent, 
buffer, 0.1 m acetate, pH 3.5, 0.1m sodium chloride, ionic strength 0.1; temperature 
¥;current 3 milliamperes; voltage 30 volts. A, Fraction D3, exposures (top to bot- 
tom) at 70, 120, 180, and 270 minutes; B, fraction from supernatant solution in 
iselectric precipitation (pH 6.8) exposures (top to bottom) at 0, 145, and 250 minutes. 


Fic. 2. Analytical ultracentrifugaton of crude parathyroid hormone preparation 
method of Collip and Clark). Protein concentration, 2.4 per cent in 0.1 m NaCl, 
weakly alkaline (pH 8.2). 14 mm. of fluid cell. 750 R.P.s.; final rotor temperature 
i, exposures, left to right, at 20 minute intervals. 


feheous, containing at least two components in about equal amount. If 
he activity is associated with only one of these fractions, one might 
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expect to find in a pure (or a homogeneous) preparation a nitrogen potency 
of the order of 500 to 800 units per mg. Since the preparations were not 
homogeneous, no attempt was made to determine the electrophoretic 
mobilities accurately. A rough calculation from the present data indicates 
that for the leading fraction » = 4.8 X 10~* cm.? volt sec.—', and for the 
slower component, » = 3.6 X 10~ cm.? volt~! sec.—'. 

The 2 per cent solution of Fraction D3 used above was also examined 
in a Beams air-driven analytical ultracentrifuge equipped for optical 
study by the Toepler schlieren method, as modified by Philpot. The 
solution was contained in a 14 mm. (fluid) Lucite cell in the analytical 
rotor. The run was carried out for 1 hour at 300 R.P.s. (23,600g) and 
for 1 hour at 500 r.p.s. (65,400g). During the latter period the initial 
protein boundary shifted slightly, owing to cell leakage, but there were no 
signs of any sedimenting fraction. This material does not therefore appear 
to contain protein of high molecular weight (240,000 or more) such as Ross 
and Wood (2) reported in their most active preparations. 

In another experiment a 2.4 per cent solution of a preparation made by 
the classical method of Collip and Clark (1), with a nitrogen potency of 
100, was run in the analytical centrifuge for 3 hours at 750 r.P.s. (146,000). 
Fig. 2 is a tracing of photographs of the sedimentation boundaries observed 
during the run. Two small rapidly sedimenting components and two 
principal lighter components may be seen. Of the latter, the leading 
fraction had a sedimentation constant of 11.5 Svedberg units (molecular 
weight of the order of 250,000), and the lighter component had a sedimenta- 
tion constant of 4.1 Svedberg units, indicating that its molecular weight 
lay between 60,000 and 80,000. There was also some lighter material that 
did not sediment during the run, so that at least five components were 
present in this crude preparation. The results of a partial separation of 
this mixture by ultracentrifugation in a quantity rotor suggested that the 
activity was associated with the lighter components, which is in agreement 
with the conclusions of Ross and Wood, drawn from a similar experiment 
with their material, and with the observations cited above that no com- 
ponent of high molecular weight is present in the material prepared by the 
method described in this paper. ¢ 


DISCUSSION 


This study began with a series of attempts to purify crude parathyroid 
hormone preparations made by the method of Collip and Clark (1). Am- 
monium sulfate, lead acetate, dilute trichloroacetic acid, and acid alcohol, 
alone or in combination, were neither consistent nor efficient in concentrat- 
ing the active principle. In one instance, fractionation with acid acetone 
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yielded highly active material, but the attempt could not at first be re- 
peated. The low yields and low and variable potency of the crude prep- 
arations made them inefficient as starting materials even for an effective 
method of purification. 

The careful preparation at low temperatures of a dry fat-free gland 

wder made it possible to use milder methods of extraction which would 
lessen the chance of inactivating the hormone (6) and which would not 
alter those properties of the accompanying inert protein upon which their 
dean cut chemical separation from the active principle might depend. The 
mild extraction of the gland powder yielded a solution of high total activity, 
no longer susceptible of further fractionation by the method of Collip and 
(lark but easily fractionable, without serious losses of activity, with 
acetone. A direct extraction of the powder with acid acetone also yielded 
highly active material, but it was accompanied by a pigment most trouble- 
some to remove, so this procedure was not adopted. 

The preparations described here are similar to those of Ross and Wood 
(2) in respect to their protein character, the apparent absence of carbo- 
hydrate in them, their solubility at different hydrogen ion concentrations, 
and the order of their nitrogen potency. They differ in not appearing to 
contain a component of high molecular weight and in the greater vield of 
ative substance per unit weight of fresh glands. 

This material was not more thoroughly characterized because, as the 
dectrophoresis experiments showed, it is heterogeneous, and the true 
properties of the hormone are therefore still in doubt. This simple method, 
however, improves the opportunities for purification, and it is hoped that 
it will contribute toward the isolation and proper characterization of the 
pure parathyroid hormone. 


SUMMARY 


A simple method of making parathyroid hormone preparations is de- 
«ribed. It comprises (1) the preparation at low temperatures of a dry, 
lat-free gland powder; (2) a gentle extraction with dilute hydrochloric 
wid; (3) fractionation of the extract in two steps, with acid and neutral 
wetone. The procedure yields material of potency 200 to 300 U. S. P. 
mits per mg. of nitrogen in quantities of 10,000 or more units per 100 gm. 
fresh glands. 

Some of the properties of the preparation are described. Electrophoresis 
thows it to be heterogeneous, containing at least two components. Ultra- 
tntrifugal analysis shows that no substance of high molecular weight is 
present. 
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THE MECHANISM OF ACTION OF THE ANTIFATTY LIVER 
FACTOR OF THE PANCREAS 
wi. A COMPARISON OF HYDROLYZED AND UNHYDROLYZED CASEIN 
IN THE PREVENTION OF FATTY LIVERS OF THE COMPLETELY 
DEPANCREATIZED DOG MAINTAINED WITH INSULIN* 
By I. L. CHAIKOFF, C. ENTENMAN, ano M. LAURENCE MONTGOMERY 


(From the Divisions of Physiology (Berkeley) and Surgery (San Francisco), 
University of California Medical School) 


(Received for publication, December 27, 1946) 


The fatty livers that appear in completely depancreatized dogs main- 
tained with insulin and fed a high protein diet can be prevented by the 
administration of one of the following: (a) choline (1), (6) methionine (2), 
(c) fractions derived from raw pancreas (3), and (d) pancreatic juice (4). 
The action of the last two cannot be accounted for by their methionine and 
choline contents (3, 4). Evidence has also been presented in support of 
the view that the antifatty liver factor contained in pancreatic juice is 
identical with that of raw pancreas (4). 

Since methionine prevents fatty infiltration in the liver of the rat by 
providing methyl groups for the synthesis of choline (5), it was argued (2) 
that the synthesis of choline from methionine is not interfered with in the 
dog deprived of its pancreas. Moreover, in view of the fact that the diet 
received by these depancreatized dogs while developing fatty livers is not 
deficient in methionine (each dog received 500 gm. of lean meat per day) 
it was postulated that the antifatty liver factor contained in the external 
secretion of the pancreas and in fractions isolated from raw pancreas is 
like a proteolytic enzyme which is necessary for ingested proteins to exert 
their full lipotropiec effects (6). 

Further evidence in support of this hypothesis is presented in this 
report. It is demonstrated here that purified casein, the feeding of which 
resulted in the development of fatty livers in the completely depancreatized 
dog maintained with insulin, can be made to prevent fatty livers by hydro- 
lyging it before feeding. 

EXPERIMENTAL 


Preparation of Casein Hydrolysate'—1 kilo of Labco casein (vitamin-free, 
tholine-free) was added with thorough shaking to 5 liters of cold 5 n H.SO, 


* Aided by grants from the Nutrition Foundation and the Christine Breon Fund 


for Medical Research. 
‘The advice of Dr. Melville Sahyun of Frederick Stearns and Company is grate- 


fully acknowledged. 
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and the mixture autoclaved for 16 hours at 15 pounds pressure. While 
the mixture was still hot, 200 gm. of animal charcoal (Nuchar) were added. 
and the mixture shaken for 5 minutes and filtered through a Biichner 
funnel. The residue was then washed with a liter of boiling water. 

The filtrates were combined and heated to 80°. Slaked lime was added 
to the mixture to bring it to pH 4.5; it was then filtered through a Biichner 
funnel with suction. The residue was mixed once with hot water (8°) 
and the resulting mixture filtered. The combined filtrates were heated to 
80°, powdered barium hydroxide added to adjust the pH to 7.2 (glass 
electrode), and the mixture filtered while still hot. The barium-free 
filtrate obtained was dehydrated by lyophilizing. The dry powder go 


TaB.Le I 
Composition of Diets 





e | z 

Protein source 8 <3 | 3 - x | q § é 2 3 

a = we |O | a Oo n F=2) an CO; ese | RBIS 
gm gm gm gm. | gm gm cc gm. | gm. | gm sogm 
A | 80 gm. casein 80 100 5} 2°10) 3 10 | 
B | 80 Hydrolyzed casein |80) 100 5| 2/10! 3 20/10/08 
C| Meat, 80gm.  “ 500, 80 | 100} 5| 2) 10) 3) 
>» = Be hydro- | 500 ' 20/100 5, 2/10) 3 0.2 
lyzed casein | 

E | Meat, 0.6 gm. methio- | 500 | 100; 5; 2/10); 3 | 0.6 


nine 


* Stated to be vitamin-free; no choline could be isolated from it. 
t For the vitamin content see (6). 
t After Cowgill (7). 


procured was quickly divided into portions sufficient for one meal, each one 
transferred to a tightly stoppered bottle which was kept at 6° until used. 
Since tryptophane of casein is destroyed by acid hydrolysis, this amino 
acid (dl form) in an amount equivalent to 1 per cent of the casein 
hydrolysate was added to each dietary mixture fed. 

Preparation of Animals—The depancreatized dogs used in this study 
were prepared as previously described (6). When they had regained their 
appetites and were in good condition, the raw pancreas was omitted from 
their diets and the diets described in Table I were then fed for the next 
10 to 20 weeks. Each dog received one-half of the specified amounts at 8 
a.m. and the second half at 4 p.m. 8 units of insulin were injected after 
each meal. 
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At the end of the test period the dogs were anesthetized with nembutal, 
and their livers removed and analyzed for fatty acids in a manner previously 
described (8). 

Results 


In view of the effects of free methionine (2), the question arose as to 


Tase II 


Effect of Very High Protein Intake on Development of Fatty Livers by Completely 
Depancreatized Dogs Maintained with Insulin 


The dogs were fed Diet C daily for 20 weeks. 

















Body weight | Liver 
Dog No. wines a , - oo ve 6 mt ait aie quae —_¢ 

| Atstart | At roe Final Z Weight | Total fatty 

;. A OA 0 ARES Bi 

keg. keg. kg. wee 
D567 | 125 | 12 07 | 855 | 22.9 
pes Si] | 9.5 | 700 16.8 
D569 14.2 | 13.0 1.9 | 432 | 9.7 
D582 11.8 | 10.4 10.0 | 545 

! ! 

TaB_e III 


Comparison of Hydrolyzed and Unhydrolyzed Casein on Production of Fatty Livers 
in n Completely | Depancreatized Dog Maintained with Insulin 


























| mesty | Body weight | ime | Liver 
Dog No. ‘ \~ 
= | ee jcewing] vin | | weiett | deta 
ke. | kg. kg. | | gm. Af. ~¥ 
D339 A | ll 10.3 9.7 12 | 452 | 16.4 
D380 " 11.6 | 10.9 7.6 2 | 440 | 17.5 
D398 ‘5 14.5 | 14.3 8.2 16 397 16.6 
D405 | “ | 16.6 | 17.5 | 14.2 7 | 550 | 59 
D407 ; “ | 12.8 | 12.8 7.5 16 | 680 | 19.3 
D586 B 11.8 10.6 9.5 1 | 500 | 1.9 
D590 ‘i 11.2 | 10.5 | 8.7 1 | 600 | 1.6 
D591 “| 12.5 | 1.0 | 8.8 16 465 2.0 





whether the fatty livers observed in depancreatized dogs fed a lean meat 
diet could be overcome by increasing their protein intake. Four dogs 
(Nos. D567, D568, D569, and D582, Table II) were therefore fed daily 
for 20 weeks 500 gm. of lean meat and 80 gm. of casein. Despite the fact 
that this amount of protein contained 7 gm. of methionine, fatty livers were 


- found in three of these four dogs. This confirms an earlier observation 





that the daily ingestion of 1000 gm. of lean meat did not prevent the 
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infiltration of large amounts of fat in the liver of a depancreatized dog (9). 

In Table III the effects of feeding casein and hydrolyzed casein upon the 
development of fatty livers are compared. There can be little doubt from 
these results that the failure of 80 gm. of casein to prevent fatty livers js 
due to the inability of the depancreatized dog to release an effective amount 
of methionine from this casein. 

The results shown in Table IV demonstrate that the methionine content 
of 20 gm. of casein can fully account for the lipotropie activity of this 
amount of hydrolyzed casein. ‘The dogs in this experiment were fed 500 
gm. of lean meat daily. In addition, the first five dogs received daily 2 
gm. of hydrolyzed casein, whereas the last three dogs received daily 0.6 


TABLE IV 


Showing that Antifatty Liver Action of 20 gm. of Hydrolyzed Casein Can Be Accounted 
for by Its Methionine Content 


Daily Body weight Liver 





Dog No. my - - ~— - ine 

wks.) At start At starting. Final Weight | Total fatty 
Diet D or E acids 

kg. ke. ke. gm. “ 
D576 14.0 12.8 11.2 503 6.6 
D578 ™ 10.5 10.2 10.9 380 2.2 
D579 as 7.5 6.6 8.7 400 3.1 
D571 . 10.1 9.5 9.3 422 4.9 
D580 . 14.0 13.5 12.0 545 3.7 
D599 E* 9.2 7.0 7.4 417 4.8 
D601 ™ 12.0 | 10.6 8.9 387 4.7 
9.8 | 9.1 10.0 315 2.6 


D607 ” 
7 





* Each animal received a total of 84 gm. of methionine during the 20 week period 
of observation. 


gm. of free methionine. Both types of supplementary treatment com- 
pletely prevented the development of fatty livers. 
DISCUSSION 

The hypothesis formulated in an earlier communication to explain the 
development of fatty livers in completely depancreatized dogs maintained 
with insulin is fully supported by the experimental evidence presented in 
the present investigation. The pronounced difference in the antifatty liver 
action of hydrolyzed and unhydrolyzed casein and the demonstration that 
the antifatty liver effect of 20 gm. of casein can be accounted for by its 
methionine content justify the conclusion that in the gastrointestinal tract 
of the completely depancreatized dog maintained with insulin there is an 
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interference in the mechanism whereby the methionine of protein is made 
available for lipotropic purposes. This defect, so far as the fatty liver is 
concerned, can be overcome by the feeding of choline or of its precursor, 
methionine, or of fractions isolated from raw pancreas. Although pre- 
liminary investigations in this laboratory and in Best’s laboratory (10) 
have shown that trypsin and chymotrypsin are present in purified pancreas 
fractions, the question whether trypsin and antifatty liver activity are 
identical must be left open for the present. 


SUMMARY 


1. In contrast to unhydrolyzed protein which, even when fed in very 
large amounts, fails to stop the development of fatty livers, hydrolyzed 
casein readily prevents fatty livers in completely depancreatized dogs 
maintained with insulin. 

2. The antifatty liver action of 20 gm. of hydrolyzed casein in this animal 
preparation can be accounted for by its methionine content. 

3. The evidence presented here supports the view that a defect respon- 
sible for the development of fatty livers in the completely depancreatized 
dog maintained with insulin is in the mechanism by which the methionine 
of ingested protein is made available for lipotropic purposes. 
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THE RAPID ESTIMATION OF TYROTHRICIN IN 
FERMENTATION LIQUORS 


By 8. C. RITTENBERG,* H. E. STERNBERG, ano W. G. BYWATER 
(From the Research Division of S. B. Penick and Company, Jersey Cily) 


(Received for publication, January 3, 1947) 


The isolation of tyrothricin from fermentation liquors by the method of 
Dubos and Hotchkiss (3) is, from a production standpoint, the most 
satisfactory method of determining yields. The time and labor involved 
in the isolation, however, make the method unsuitable for routine use 
when dealing with many samples. The usual serial dilution technique 
for determining the bacteriostatic concentration against a test organism 
will give a good estimate of the amount of tyrothricin in an unknown 
solution if the method is properly standardized and if a sufficient number 
of dilutions are used. Here, also, the time and labor involved preclude 
routine use. 

Dimick (2) developed a method based on the hemolytic properties of 
tyrothricin “by means of which it is possible to determine as little as 100 
mg. of tyrothricin per liter of media, with an accuracy of about 5 per cent.” 
This method is satisfactory for routine work, but it is inconvenient in 
several respects, in particular because of the need for establishing a standard 
curve for every lot of blood used, the narrow range of tyrothricin permissible 
in the alcoholic solution assayed, and the necessity of having a convenient 
source of blood. 

Hotchkiss (8) pointed out that Dimick’s method essentially measures 
the tyrocidine-like components of tyrothricin, since under the conditions 
of the determination gramicidin would have no hemolytic effect, and 
Hoogerheide (5) criticized the method on the grounds that one may not 
assume that tyrocidine and gramicidin are present in constant proportion 
during the course of the entire growth cycle. However, a good correlation 
was obtained between the results of the hemolytic assay and isolated 
tyrothricin under a wide variety of culture conditions (2, 9), an observa- 
tion that lends support to the view that the ratio of gramicidin to tyro- 
tidine is remarkably constant under a wide variety of conditions (8). 

In order to expedite a study of the factors which influence tyrothricin 
production, an attempt was made to develop a chemical method of analysis. 
If, as the results of Dimick indicate, the proportion of gramicidin and 
tyrocidine is constant under a wide range of culture conditions, then the 


* Present address, Department of Bacteriology, University of Southern Califor- 
tia, Los Angeles, California. 
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determination of any amino acid present in either or both components of 
tyrothricin should give a satisfactory measure of the total. Since it has 
been established by Hotchkiss and others (7, 1, 4) that tryptophane is g 
component of both gramicidin and tyrocidine, accounting for 40 per cent 
of the nitrogen of the former and 15.4 per cent of the latter, a colorimetric 
method for its determination in tyrothricin was chosen as a means of 
assaying tyrothricin-containing liquors. 

The tryptophane method of Horn and Jones (6) was applied to alcoholic 
extracts of material precipitated from fermentation liquors. The color 
produced correlated with the amount of tyrothricin isolated from the 
same liquors and could be used as a rapid, routine method for estimation 
of tyrothricin. 

EXPERIMENTAL 


Tyrothricin was produced in shake flask cultures of Bacillus brevis with 
the medium of Stokes and Woodward (10), and isolated by previously 
described methods (3). As a check on the identity of the product, erystal- 
line gramicidin and tyrocidine were isolated and identified by physical 
and chemical tests. In a mouse protection test, 1.35 y of the isolated 
tyrothricin protected 50 per cent of the mice used against 12,600 minimum 
fatal dose of type I pneumococcus.' When assayed in serum albumin pep- 
tone medium by the method of Dubos and Porter,? the isolated material 
inhibited growth of a Group D hemolytic streptococcus (Lancefield strain* 
(HegDs) at a concentration between 0.20 and 0.25 y per ml. The above 
activities are comparable to those obtained with tyrothricin samples pre- 
pared in other laboratories. A composite sample of six lots of tyro- 
thricin having the listed properties was used as a standard. 

Assay Procedure—Weighed samples of the standard were dissolved in 
alcohol* to give solutions of the desired concentration. The alcoholic 
solutions are stable and can be held indefinitely. The color is developed 
by adding 0.5 ml. of 5 per cent p-dimethylaminobenzaldehyde (prepared 
fresh daily) in concentrated HC] and 0.5 ml. of alcohol to 5.0 ml. of con- 
centrated HCl. This is followed by 1 ml. of the tyrothricin solution. 
If tyrothricin is present, a pink color develops almost at once. After 5 
minutes, 1 drop of 0.2 per cent aqueous sodium nitrite is added and a blue 
color appears in a few seconds. The color density is read after 15 minutes 
in a Klett-Summerson photoelectric colorimeter with a blue filter (400 to 

1 We wish to express our thanks to the Lederle Laboratories, Inc., for this test. 

? Dubos, R. J., and Porter, J., private communication (1946). 

* Obtained through the courtesy of Dr. R. J. Dubos of The Rockefeller Institute 


for Medical Research. 
‘Specially denatured ethy! alcohol formula No. 30, anhydrous used in all the ex- 


periments. 
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465 mu). A tube containing 1.5 ml. of alcohol, 5 ml. of concentrated 
HCl, 0.5 ml. of the 5 per cent p-dimethylaminobenzaldehyde solution, 
and 1 drop of 0.2 per cent sodium nitrite is used as a blank. 

Table I shows the color densities obtained from different amounts of 
the standard tyrothricin sample. The densities are averages of three 
separate determinations. The ratio of tyrothricin to color density (K) is 
almost constant with a maximum deviation from the average K of 5.3 per 
cent and an average deviation of 1.7 per cent. It is obvious that the color 
developed is directly proportional to the amount of tyrothricin over the 
range tested. 


TABLE I 
Color Densities from Known Amounts of Tyrothricin 




















Tyrothricin | Color density* | Spreadt | K, — to Dovietion Seam 
7 per cent 
25 11.7 7 2.14 5.3 
50 22.5 9 2.22 | 1.8 
75 32 12 2.34 3.5 

100 44.7 5 2.24 | 0.9 
200 87 12 2.30 1.8 
300 131 7 2.29 | 1.3 
400 178 5 | 2.25 0.4 
500 | 217.3 4 2.20 | 2.7 
600 | 262.5 3 2.29 | 1.3 
700 | 307.3 7 2.28 0.9 
800 351 0 | 2.28 0.9 
900 | 397 | 3 2.27 0.4 
1000 | 441 0 2.27 | 0.4 





* Average of three determinations; Klett-Summerson photoelectric colorimeter. 
t Difference between maximum and minimum color value. 


The maximum spread between the high and low color reading for a 
given amount of tyrothricin is 12 color units with an average spread of 
§units. In terms of tyrothricin, this represents 13.5 y to 27 y, the mini- 
mum uncertainty in any single determination. 

Assay of Fermentation Liquors—To assay a culture medium, 5 to 10 ml. 
of a representative sample are accurately measured into a centrifuge tube. 
The pH of the liquor is adjusted to between 4.0 and 4.5 by addition of a 
predetermined quantity of hydrochloric acid. The cells and precipitated 
matter are centrifuged down and the clear supernatant liquor is decanted. 
Exactly 5 ml. of alcohol are added to the tube, the sediment is resuspended, 
the tube is shaken for 10 minutes, allowed to stand for 20 minutes, and 
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recentrifuged. 1 ml. of the clear alcoholic extract is used for the color 
development. This quantity is equivalent to 1 to 2 ml. of the fermentation 
liquor, depending on the size of the initial sample. The range can be 
increased if necessary by varying the size of the initial sample or the volume 
of alcohol used for extraction. 

Routinely 1 ml. of a solution containing 200 y of the standard is run 
along with each set of unknowns. This quantity will give a color reading 
of 85 + 4 color units. The quantity of tyrothricin in the unknown is 
‘aleulated by multiplying the ratio of the unknown color value to the 
standard color value by 200. 


500 }— 


400 |— 


y 


w 
° 
° 
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Color densi? 
$ 


400 }— 





S296 ee ee ee 
42345 6 78 9 4 
Volume of liquor assayed in m/. 
Fra. 1. The relation between color density in scale units of Klett-Summerson photo- 
electric colorimeter, and volume of culture liquor assayed. 





If oils have been used as antifoaming agents in the course of the fermen- 
tation, the final color solution will be cloudy. In such cases, extraction of 
the colored solution with carbon tetrachloride followed by centrifuging will 
remove the cloudiness without affecting the color density. 

The accuracy and reliability of the method when applied to fermentation 
liquors were assessed in several ways, by analysis of different volumes of 
the same liquor, by isolation of tyrothricin from assayed liquors, and by 
assays of liquors to which known quantities of pure tyrothricin were 
added. Fig. 1 gives the results of four experiments in which different 
volumes of the same liquor were assayed. When samples greater than 3 
or 4 ml. were used, the color densities fall on straight lines that intersect 
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at the zero point. Smaller samples gave densities that were relatively high 
and the amount of tyrothricin calculated from these values will be pro- 
portionately high. The cause of the abnormal results with small samples 
has not been determined but the difficulty is avoided by using a sample 
sufficiently large to give a color reading of at least 150. On several oc- 
casions, when large amounts of tyrothricin were present, the initial alco- 














TABLE II 
Comparison of Assay Values and Isolated Tyrothricin 

Total tyrothricin by color assay | Isolated tyrothricin® Recovery 
gm. gm. per cent 

4.82 3.90 81 

0.65 | 0.58 89 

2.33 1.92 82 

4.44 | 3.56 | 80 

3.10 2.40 78 

3.45 | 3.20 93 


| 





* The weight of the final purified product having a bacteriostatic potency equal 
to the standard employed. 


TaBLeE III 
Recovery of Tyrothricin Added to Fermentation Liquor 








| Tyrothricin | 











a. Sa = Recoveryt Deviationt 
Original culture | Amount added Total calculated | Total found* 
7 per mi. y per mi. y per ml. y per ml. per cent per cent 
| 0 | 186 
186 2% | 2 203s 96 5.0 
is6 50 | «(236 232 98 1.0 
186 | 100 286 284 99 4.5 
186 200 386 400 | 103 3.6 








* Average of three determinations. 
t (Found)/(calculated) X 100. 
t Maximum deviation from mean of three determinations. 


holic extract was decanted and the sediment reextracted with a fresh 
portion of alcohol. The second extract has never shown more than a 
trace of color on assay, thus eliminating the possibility that the tyrothricin 
was not completely extracted. Occasionally, when the tyrothricin level 
is negligible, especially very early in the fermentation, a visible yellow- 
green to green color instead of the usual pure blue develops in the solution. 
The color density is not significant when this occurs. 

Many experiments were run in which tyrothricin was isolated from 
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different culture media after assay. On the average about 80 per cent of 
the assayed value has been recovered by isolation. In one experiment the 
recovery was as low as 52 per cent and in one over 100 per cent was re- 
covered. In general, low recoveries were usually associated with mishaps 
in the isolation procedure or with runs in which the total amount of tyro- 
thricin was less than 100 mg. In no case has tyrothricin been isolated 
from liquors that gave no tryptophane color in the assay. Table II gives 
the results of the last six isolations made. 

As a check on the accuracy and sensitivity of the method covering both 
the extraction and color development, experiments were run in which 
varying amounts of tyrothricin were added to a completed fermentation 
liquor and the culture was then assayed as described. Table III gives 
the results of one experiment. The determinations were run on triplicate 
samples. The data show that a difference of 25 y per ml. can be detected 
with an accuracy of 5 per cent or better. 


DISCUSSION 


Several thousand fermentation liquors have been assayed by the method 
described. One technician can do as many as forty or fifty determinations 
in the course of a morning’s work. No difficulties have been encountered 
when a minimum of 50 to 100 y of tyrothricin per ml. of medium has been 
present. The method has been applied in studying the optimum condi- 
tions for tyrothricin production and the effect of various constituents of 
the medium on the yield. It is particularly useful in following the course 
of a fermentation and determining the time of maximum yield. Differ- 
ences of as little as 25 y per ml. can be detected with an accuracy of about 
5 per cent. 

The method presented is not specific for tyrothricin but is dependent 
upon the tryptophane moiety of the complex, and therefore is open to at 
least two serious criticisms: (a) The proportion of gramicidin to tyro- 
cidine under changed conditions of fermentation or with different strains 
of organisms might vary; however, both Dimick’s results (2, 9) and our 
own indicate that such a variation has not occurred in the range of condi- 
tions tested. (b) It is also possible that non-antibiotic substances con- 
taining tryptophane soluble in alcohol and insoluble in water might be 
formed in the various cultures, thus leading to high results. 

The fact that only 80 per cent of the tyrothricin determined by the 
described method is actually isolated from the culture media can be 
explained in two ways; either interfering substances contribute to the 
color intensity or the isolation procedure is not quantitative. Considering 
the number of steps involved in the isolation, one might well expect an 
appreciable loss of active material. It is of interest that the amount of 
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.% tyrothricin isolated by Dimick from various fermentation liquors also 
2 was about 80 per cent of that found by his assay method (2). 


SUMMARY 


A rapid colorimetric method for the determination of tyrothricin in 

| culture media based on a tryptophane assay has been described. The 

s | method can determine quantities as small as 25 y per ml. with an accuracy 
of 5 per cent or better. 
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GLYCINE AND ALANINE CONCENTRATIONS OF BODY FLUIDS; 
EXPERIMENTAL MODIFICATION 


By HALVOR N. CHRISTENSEN, PAUL FENIMORE COOPER, Jr., ROSWELL 
D. JOHNSON, anp ELEANOR L. LYNCH 


(From The Mary Imogene Bassett Hospital, Cooperstown, New York) 


(Received for publication, December 30, 1946) 


The determination of individual amino acids in body fluids under 
pathological and experimental conditions should permit extension of in- 
formation farther than is possible with procedures that measure amino 
acids collectively. We are reporting some observations upon experi- 
mentally produced changes in the concentrations of glycine and alanine, as 
measured by chemical methods (1, 2) which are specific to the uncombined 
forms of these amino acids. 

The ingestion of 25 to 32 gm. of glycine by human subjects resulted in 
rises of the plasma concentration of glycine nitrogen from the normal of 
0.28 to 0.37 mg. per cent to values of 2.9 to 7.7 mg. per cent, the maximum 
being attained in about an hour. Glycine entered the erythrocytes slowly, 
the concentration remaining below that of plasma for more than 4 hours 
(Table I). After the glycine nitrogen of plasma had been held at levels of 
3to 5 mg. per cent for 4 to 5 hours by the ingestion of several portions of 
glycine totaling 30 and 35 gm., the glycine nitrogen concentrations of the 
spinal fluid were 0.065 and 0.07 mg. per cent, compared with five normal 
values of 0.022 to 0.042 mg. per cent, averaging 0.031 mg. per cent. The 
ingestion of 25 gm. of glycine increased the conjugated a-amino nitrogen 
of tungstic acid filtrates of plasma, only a small part of the increase being 
due to glycine. The bound glycine extractable by ethyl acetate from acidi- 
fied tungstic acid filtrates of plasma (which would include hippuric acid) 
was not significantly increased. The ingestion of 5 and 6 gm. of sodium 
benzoate led to a decrease of the free plasma glycine, a greater reduction of 
the plasma a-amino acids, and an increase of 0.4 to 0.7 mg. per cent in the 
conjugated diffusible glycine nitrogen of plasma, presumably due to hippuric 
wid. Table IT illustrates one of these experiments. 

The ethyl acetate-extractable, conjugated amino acid nitrogen of urine 
was taken by Henriques and Sgrensen (3) as a measure of hippuric acid 
excretion. In human urine they found about half of the conjugated amino 
uitrogen to be extractable. We have partitioned the conjugates by the 
extraction of acidified urine, employing three extractions of 1 volume each, 
which was sufficient to extract 99 per cent of the hippuric acid from the 
aqueous solution. Whereas glycine made up only 6 to 17 per cent of the 
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free a-amino acid nitrogen of urine, both fractions of the conjugates were 
rich in glycine (Table III). The extractable portion included substantial 
quantities of other amino acid conjugates in addition to hippurie aeid, 

Ingestion of 25 gm. of dl-alanine gave results analogous to those for 
glycine in regard to sluggish distribution between plasma and erythrocytes 
and scarcely appreciable entrance into the cerebrospinal fluid (Table 


TABLE I 
Amino Acid Changes of Plasma and Erythrocytes after Ingestion of Glycine 


25 gm. of glycine were ingested at zero time in Experiments W14 and Z10, 32 gm. 





in Experiment U40; the data are expressed in mg. per cent. 
Plasma es 
— “a a Glycine N ‘Free a-Amino N rm 
Free Bound alanine N Free Bound 
Wl4 | Pretest 0.30 | 0.07 4.40 1.4 
| 65 min. 2.9 | 0.2 7.39 33 0.61 
| 180 min. } 1.51 | 0.28 6.01 1.6 0.92 
Z1i0_ ~=—|:«C#*PP retest | 0.37 | 0.06 | 0.60 4.66 1.1 
_ 60 min. | 4.2 | 0.5 1.04 8.86 2.9 
/ 180 min. | $3 | 6.2 0.87 7.29 1.2 
U40 | Pretest, | 0.32 | 0.07 0.57 4.92 0.1 0.46 
| 50 min. BAme Sh 1.28 12.61 1.6 1.15 
155 min. | 4.0 0.7 1.12 9.26 1.1 1.72 
TABLE II 


Effect of Ingestion of 6 Gm. of Sodium Benzoate upon Plasma Amino Acids 





Plasma concentration 








Experiment ee: 
Pretest 90 min. 180 min. 
mg. per cent meg. per cent meg. per cent 
Free a-amino N.. | oe + 48 4.51 
Bound diffusible a-amino N 0.41 0.54 0.64 
Free glycine N... aa chad as ...| 0.39 0.28 0.30 
Bound diffusible glycine N..... ee | 0.10 0.49 0.49 


IV). The ingestion of either glycine or alanine produced distinct increases 
of the plasma concentrations of the other amino acid (Tables I and IV). 
Such effects make inexact the assumption that elevations of the amino acid 
nitrogen measure the increases in concentration of a single amino acid ad- 
ministered alone. 

When alanine and glycine were administered as 100 gm. of gelatin 
(equivalent to 25.5 gm. of glycine and 8.7 gm. of alanine (4)), glycine 
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represented 19 to 25 per cent of the increase of a-amino acid nitrogen, while 
alanine made up 17 to 19 per cent of the increase (Table V), indicating a 


TaBLe III 
Contribution of Glycine to Free and Conjugated Amino Acids of Human Urine 


Urine U33 was a pool of 24 hour samples from three normal persons. The other 
urines were collected from 10 p.m. to 8 a.m., no food being taken after6 p.m. Urine 
D27 represents two such 10 hour periods, Urine C27 three such periods. 





Free Total extractable Bound non-extractable 





| 
Usiee > Cine | * Amino N a- Glycine a-Amino N a- | Glycine | a-Amino N 
Amino oN ™ | Glycine N | Amino | » ‘N Glycine N | Amino N | Glycine N 
x 100 : 1 | N | xX 100 
a mg. per, mg. per mg. per oe, per | meg. per) mg. per | 
| &r. ar. hr. ar. Ar. | hr. | 
C27 5.58, 0.85 | 15.2 | 3.45 | 3.2 93 {4.5 | 2.3 50 
D27 | 4.54/ 0.28 6.2 4.39 | 1.44 | 33 3. 
F20 | 5.73 0.56 9.8 2.4 | 0.36 15 . 1.6 
Jaz | «7.05, 0.44* 6.2* | 
U33. | +44.29) 0.74 17 2.25 | 0.95 42 4.26 | 1.46 34 
A30t | 25.9 | 1.74 6.4 3.67 | 2.2 60 94 | 2.1 | 2 


* These values are for alanine N instead of glycine N. 
t Hepatic cirrhosis with ascites; bromosulfalein retention (5 mg. per kilo dose) 
48 per cent after 1 hour. 


TaBLe IV 
Effect of Ingestion of dl-Alanine 


N Plasma Free 


Erythrocyte 








Experiment No. Alanine } glycine N o-Amine N alanine N 
meg. per cent meg. per cent | me. per cent mg. per cent 

T49* Pretest 0.74 0.30 4.73 0.55 

50 min. 5.03 0.45 9.32 | 1.44 

120 min. 5.64 0.37 11.0 2.41 
J57t Pretest 1.0 0.31 4.36 0.85 

90 min. 6.4 0.44 1.8 

180 min. 5.0 0.39 2.0 

255 min. 5.3 0.35 7.79 | 


2.2 
* 25 gm. of dl-alanine taken at zero time. 
t 15 gm. of dl-alanine taken at zero time, 5 gm. at 90 minutes, 5 gm. at 180 minutes. 
At 270 minutes the spinal fluid alanine nitrogen was 0.34 mg. per cent, compared with 
six normal values ranging from 0.12 to 0.33 and averaging 0.21 mg. per cent. 


more rapid disposal of glycine than of alanine under these conditions. 
Evidence was sought unsuccessfully for increases of glycine and alanine 
peptides. 
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EXPERIMENTAL 


The various preparations were ingested in aqueous suspension by normal 
subjects who had not eaten for 14 hours. Deproteinization of plasma and 
cells from heparinized venous blood was accomplished by tungstie acid 
(5, 6). 14 to 20 ml. of cerebrospinal fluid were collected by puncture at the 
fourth lumbar interspace, and a protein-free filtrate was prepared by 
dialysis for 7 hours at 5°. Free a-amino nitrogen was determined by the 
manometric ninhydrin procedure at pH 2.5 (7, 8) and total a-amino nitro. 
gen likewise, after acid hydrolysis (6). Glycine and alanine were de- 
termined by the methods of Alexander, Landwehr, and Seligman (1) and 
Alexander and Seligman (2). Glutathione responded to the glycine de- 
termination to the extent of 0.0004 mg. of glycine nitrogen per mg. of 
glutathione. Hence free glycine determinations upon tungstic acid filtrates 


TABLE V 
Effect of Gelatin Ingestion 
117 gm. of Knox gelatin (100 gm. of protein) ingested. The values are in mg. 
per cent. 








™ | ‘Tern? . | . r | 
Experi- Glycine Alanine | Amino N 4 Glycine N | 4 alanine N 
No. Free | Bound Free | Bound! Free | Bound ninth 7" Soames 
. |— Z aa Mt facoumeneat Oh ot aS 
1 | Pretest | 0.32 | 0.1 | 0.50 | 0.2 | 4.68 | 0.8 
| 90 min. 1.64 | 0.1 | 1.49 | 0.5 | 9.97 | 0.8 0.25 0.19 
| 210 min. 1.50/ 0.1 | 1.37) 0.4 | 9.74] 1.5 0.23 0.17 
2 | Pretest | 0.31) 0.1 | 0.51 | 0.0 | 3.93 | 0.4 
| 120 min. 1.59 | 0.04 1.7 | 0.1 |10.1 | 0.8 0.21 | 0.19 
|} 240min. | 0.96 |} 0.2 | 1.12 | 0.1 | 7.36 | 0.7 0.19 | 0.17 





of red cells were probably subject to positive errors of about 0.03 mg. per 
cent of glycine nitrogen. Sodium hippurate (Eastman) yielded about 2 
per cent of its glycine nitrogen under the conditions of the determination. 
Bound a-amino nitrogen and bound glycine were determined after acid 
hydrolysis of the tungstic acid filtrates, and bound diffusible a-amino and 
glycine nitrogen after hydrolysis of dialysates (9) of tungstic acid filtrates. 
All urine analyses were conducted upon dialysates. 


DISCUSSION 


The question as to whether the interval employed was sufficient to pro- 
duce a response of the alanine and glycine of the cerebrospinal fluid to the 
elevation of the plasma levels can be answered only by comparison with the 
behavior of other solutes under similar circumstances. Merritt and Fre- 
mont-Smith (10) and Munch-Petersen (11) have shown that, when a 
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transient hyperglycemia is produced by feeding or injecting glucose, the 
glucose of the lumbar spinal fluid rises within an hour or 2. The responses 
of alanine and glycine were relatively sluggish. 

The manometric ninhydrin procedure showed 1.04 to 1.43 mg. per cent 
of a-amino nitrogen (average 1.23 mg. per cent, six analyses) in cerebro- 
spinal fluid. Weichmann and Dominicke (12) reported a normal range of 
1.2 to 2.0 mg. per cent by the Folin colorimetric method. In two cases 
of liver disease with elevated plasma amino acid nitrogen, these investi- 
gators observed cerebrospinal fluid levels of 3.2 to 6.5 mg. per cent. Harris 
(13) has found the glutamine concentrations of cerebrospinal fluid to be 
similar to those of plasma, which would mean that half or more of the spinal 
fluid a-amino nitrogen is due to glutamine. 

The large participation of the glycine in the amino acid conjugates of 
urine, other than hippuric acid, suggests that these conjugates are not 
simply a random collection of peptides wasted in the course of protein 
metabolism but may have a different significance. Dent has reported in a 
preliminary communication (14) that glycine and alanine make up a major 
part of the amino acids of normal human urine. He observed a peptide 
which was probably serylglycylglycine in the urine of patients with hepatic 
necrosis or the Fanconi syndrome. 


SUMMARY 


1. The concentrations of glycine and alanine of erythrocytes approached 
very gradually over several hours the levels of plasma when the latter was 
elevated by the ingestion of pure amino acids by human subjects. 

2. Cerebrospinal fluid levels of these two amino acids were about one- 
tenth (glycine) and one-third (alanine) the plasma levels. When the 
plasma levels were elevated for several hours by ingestion of amino acids, 
the cerebrospinal fluid levels rose only very slightly. 

3. Glycine ingestion appeared to increase the conjugated amino acid 
nitrogen of tungstic acid filtrates of plasma. 

4. The ingestion of sodium benzoate increased the bound diffusible 
glycine of plasma five or ten times. The free glycine and free a-amino 
nitrogen were decreased. 

5. The ingestion of either glycine or dl-alanine resulted in an elevation 
of the plasma level of the other amino acid. 

6. When glycine and alanine were ingested as gelatin, alanine made up a 
disproportionately large part of the increase in plasma amino acids. 

7. Glycine made up a small part of the free amino acid nitrogen of nor- 
mal urine, but a larger part of the conjugated amino acid nitrogen, even 
after hippuric acid was removed. 
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THE QUANTITATIVE DETERMINATION OF ASCORBIC ACID 


IN SMALL AMOUNTS OF WHITE BLOOD CELLS 
d). AND PLATELETS 


By OTTO A. BESSEY, OLIVER H. LOWRY, ann MARY JANE BROCK 
(From the Division of Nutrition and Physiology, The Public Health Research 


Institute of The City of New York, Inc., New York) 


(Received for publication, January 2, 1947) 


A knowledge of the concentration of ascorbic acid in the white blood cells 
and blood platelets has been shown to be of value as an addition to blood 


plasma analysis in evaluating nutritional status, particularly at low levels 


of ascorbic acid intake (1-5). Furthermore, since it is probably more con- 
venient to obtain specimens of white blood cells than of any other living cells 
of the body, it seems likely that analysis of these cells will become of in- 
creasing value in studying the physiology of ascorbic acid and other 
nutritive essentials in body fluids and tissues. Stephens and Hawley (6) 
determined the ascorbic acid content of white blood cells by an analysis 
of the buffy layer removed from 50 ml. blood specimens. This layer 





by Lubschez (7) to 4 or 5 ml. 


contains both white cells and blood platelets. It was later shown by Butler 
and Cushman (1) that the concentration of ascorbic acid is nearly the same 
in both of these fractions. (Throughout this communication the white 
cells plus blood platelets will be referred to collectively as ‘white cells.’’) 
Butler and Cushman (1) simplified the collection of the white cells by 
centrifuging oxalated blood in special tubes with a central narrowed portion 
which converted the buffy coat into a well defined accessible column of 
cells. The required amount of blood, 15 ml., was subsequently reduced 


By a procedure which will be described below, it has proved feasible to 
isolate the white cells from as little as 0.1 ml. of blood and to analyze 


potassium oxalate and centrifuged slowly to precipitate the red cells. 


them for ascorbic acid. Blood from the finger tip is diluted with isotonic 


white cells, which settle more slowly, remain in the supernatant and are cen- 
trifuged in a second tube and analyzed for both ascorbic acid and acid- 
insoluble phosphate. The measurement of this nearly constant phosphate 
fraction permits calculation of the amount of white cells present without 
the necessity of weighing the rather minute sample. The procedure is 
more rapid than with larger quantities of blood and venipuncture is not 
required. ‘Two persons can collect and analyze 50 to 75 samples in 2 days. 
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EXPERIMENTAL 
Method 


Reagents and Equipment— 

1. Beckman spectrophotometer fitted with a special diaphragm and 
cuvettes to permit the use of 0.05 ml. fluid volumes (8). (Diaphragm 
and cuvettes obtained from the Pyrocell Manufacturing Company, 207 
East 84th Street, New York 28.) 

2.6 X 50 mm. serological tubes, e.g. Kimble, No. 45060. Square 
racks made of } inch wire mesh are convenient for handling up to 100 tubes. 

3. Pipette for transferring blood (9), 5 to 6 mm. in diameter with a short 
tip narrowed to 1 mm. in outside diameter and with the opening at least 
0.5 mm. in diameter. A coarse constriction placed at 0.1 to 0.12 ml. 
volume aids in preventing the accidental sucking of blood too far into the 
pipette. This pipette, although uncalibrated, is similar in construction to 
the quantitative constriction pipettes listed below. 

The inside is paraffined by heating the pipette, sucking up molten 
paraffin, blowing it out, and, while still blowing, cooling with water. This 
leaves a thin film of paraffin effective in delaying blood clotting without 
unduly constricting the tip. 

4. Footed stirring rod made of glass or stainless steel wire. The shaft 
is 1 to 1.5 mm. in diameter and 75 mm. long; the foot is 2.5 to 3 mm. in 
diameter and is flattened. 

5. Pasteur pipette of 1 to 1.5 ml. capacity with bent tip for transferring 
white cell suspension. 

6. Constriction pipettes, 10, 30, 40, 50, and 200 c.mm. (9). 

7. Device for removing the supernatant from white blood cells. A 
small glass tube with a bent narrow tip not over 0.5 mm. in outer diameter 
is connected with rubber tubes, through a 20 to 50 ml. bottle, to the mouth. 

8. 1.6 per cent potassium oxalate. This is preserved at 4° to prevent the 
growth of microorganisms and must be centrifuged just before use to remove 
possible traces of suspended material. 

9. 5 per cent trichloroacetic acid. 

10. 2 per cent dinitrophenylhydrazine, 0.25 per cent thiourea, 0.08 
per cent CuSO,-5H.O in 9 n H.SO,. This reagent is stable for at least a 
week at 4°, but should be centrifuged before use unless crystal-clear. It is 
prepared from the stable solution of 2.2 per cent dinitrophenylhydrazine in 
10 n H.SO, by the addition of 5 volumes per cent of 5 per cent thiourea and 
5 volumes per cent of 0.6 per cent CuSO,-5H,0. 

11. 65 per cent H.SO, (70 ml. of concentrated H.SO, plus 30 ml. of 
H,0). 


12. 6.5 w sulfuric acid. 
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13. 10 per cent perchloric acid. 

14. Phosphate reagent. In 45 ml. of gvater is dissolved 0.3 gm. of a 
powder consisting of 5 per cent Na,SOs, 94.3 per cent NaHSOs, and 0.7 per 
cent 1,4-aminonaphtholsulfonic acid. To this are added 5 ml. of 2.5 per 
cent ammonium molybdate in water. 

Isolation of White Cells—In a 6 X 50 mm. tube are placed 0.5 ml. of 
1.6 per cent potassium oxalate and a footed stirring rod. A finger is lanced 
to give a free blood flow, e.g. with a Bard-Parker No. 11 blade held by pro- 
jection from a cork. After any residual alcohol is wiped off, the area is 
lightly coated with vaseline and the first blood blotted off. As rapidly 
as possible the paraffined pipette is filled and the blood delivered into the 
tube, the contents of which are at once gently but thoroughly mixed with 
the rod. (The pipette is rinsed with fresh oxalate but is not dried before 
reuse.) The tube is centrifuged within an hour at a predetermined slow 
speed which settles the red cells without loss of too many white cells. A 
safe time of centrifuging is twice the interval required just to throw the 
bulk of the red cells to the bottom. The centrifuge must come smoothly 
to a stop to avoid remixing of the sample. The turbid supernatant which 
contains the white cells is transferred with a Pasteur pipette to another 
tube of the same size. The suspension close to the red cell layer should 
be avoided, since this usually contains some red cells. The second tube 
is centrifuged (within 2 hours) at 3000 r.p.m. for 15 minutes. The clear 
supernatant is sucked off with the device for removing the supernatant 
from white blood cells, described above, and discarded. Great care is 
taken to remove a maximum amount of fluid without loss of the sediment. 
At first, a magnifying glass may prove helpful. If 90 per cent of the fluid 
is removed and the tube allowed to stand 5 or 10 minutes for drainage, 
the last 10 per cent can be removed more completely. 

Ascorbic Acid Analysis—The white cells are distributed as thinly as 
possible by tapping the tube, and 40 c.mm. of 5 per cent trichloroacetic 
acid are added. For adequate extraction of ascorbic acid and acid-soluble 
phosphorus, it is imperative that the precipitate be well dispersed. A 
mechanical vibrator device (10) has been found very useful for vigorous 
mixing or agitation of the contents of these small tubes. After centrifuging, 
a 30 c.mm. aliquot of the supernatant is transferred to another 6 X 50 mm. 
tube and 10 c.mm. of the dinitrophenylhydrazine reagent are added. 
(The residue is saved for measuring the acid-insoluble phosphorus (see 
below).) After mixing and capping with parafilm or a vial stopper, the 
tube is incubated for 4 hours at 38° (bacteriological incubator or air bath). 

After chilling in ice water, 50 c.mm. of ice-cold 65 per cent H.SO, are 
added. Because of the viscosity the pipette should be emptied slowly. 
Vigorous and thorough mixing is required after this addition. Also, it is 
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advisable to tap the tubes with the finger to mix again just before reading, 
The light absorption is measured at 520 my in the spectrophotometer any 
time within the first 3 or 4 hours. Blanks and standards are provided by 
treating 30 c.mm. aliquots of 5 per cent trichloroacetic acid and of fresh 
0.4 mg. per cent ascorbic acid (0.004 y per c.mm.) in 5 per cent trichloro- 
acetic acid in the same manner as the white cell extracts. 

The ascorbic acid analysis may be deferred indefinitely if desired by 
storing the 30 c.mm. aliquots in well stoppered tubes at —20° or colder, 

Acid-Insoluble Phosphorus Analysis—After the aliquot is removed for 
ascorbic acid analysis, the residue is washed (within 1 hour at room tem- 
perature or 4 hours at 4°) by mixing with 0.2 to 0.3 ml. of 5 per 
cent trichloroacetic acid, centrifuging, and sucking off the supernatant. 
30 c.mm. of 4.5 n H.SO, are then added and the sample (with others in 
a rack) is heated for 1 or 2 hours in an oven at 95-98° to drive off excess 
moisture without spattering, after which ashing is accomplished by adding 
10 c.mm. of 70 per cent perchloric acid and heating in an oven for 2 hours 
at 145-160°. 

Color is developed by adding 0.2 ml. of the phosphate reagent. The 
samples are vigorously mixed and are mixed again by tapping with the 
finger just before reading. 

Blanks are supplied by measuring into 6 X 50 mm. tubes 30 c.mm. of 
4.5 N H.SO,. Standards are provided by substituting an equal volume of 
0.5 mm of KH,PO, in 4.5 n H.SO, (0.015 micromole of P). These blanks 
and standards are carried through the same evaporation and ashing pro- 
cedures as the white cell samples. The optical absorption is measured at 
690 my in not less than 20 minutes after mixing. Subsequent color develop- 
ment is slow and occurs at a uniform rate. Some of the standards are read 
both before and after the unknowns to permit correction for any increase 
in optical density with time. 

Calculation—The white cells have been found to contain an average of 
3.34 mm of acid-insoluble phosphorus per 100 gm. (see the “Discussion”). 
Thus, the mg. of ascorbic acid per 3.34 mm of acid-insoluble phosphorus 
(or micrograms per 3.34 micromole) are numerically equal to the concen- 
tration per 100 gm. of white cells. Therefore 


(1) Micrograms ascorbic acid in sample 





micromoles P in sample 


3.34 = mg. ascorbic acid per 100 gm. white cells 


(2) Micrograms ascorbic acid in sample = 0.004 X 
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where Daa and Detandard aa are the optical densities of the unknown and 
standard respectively, corrected for the blank. 41.5 is the sum of the 40 
emm. acid added plus approximately 1.5 ¢.mm. of fluid left behind with 
the original white cell sediment, and 0.004 equals the micrograms of ascorbic 
acid per c.mm. of standard. 
(3) Micromoles P in sample = micromoles P in standard xX 

Dp 


0.004 X —_—-_- = K;, X Dp 
Dstandard P 


In a series of analyses the standards and their respective optical densities 
are fixed, and hence Equations 1, 2, and 3 may be combined: 


K, D D , : . 
4) : 2 X 3.34 = K; —e es mg. ascorbic acid per 100 gm. white cells 





(The volumes of all the pipettes, except the 40 and 30 c.mm., cancel out, 
since they are used for both standards and unknowns.) 


DISCUSSION 


In the development of the above method there were two major problems: 
(1) the isolation of white cells from finger blood and (2) the measurement 
of the size of the white cell sample. Various diluting agents and anti- 
coagulants were investigated: heparin, citrate, heparin plus oxalate, and 
oxalate diluted with saline or Ringer’s solution. None proved as satis- 
factory as isotonic oxalate for the prevention of clotting. The slightest 
degree of clotting will precipitate the white cells with the red blood cells. 
Since finger blood, even with the greatest care in collection, coagulates 
more rapidly than venous blood, this consideration is of first importance. 

The method of isolation of the white cells is similar to that described 
by Gorham et al. (11), who allowed undiluted oxalated blood to stand for 
several hours until the red cells were partially settled and then centrifuged 
the supernatant. It was found expedient in adapting this principle to 
much smaller quantities of blood to dilute the sample with isotonic po- 
tassium oxalate. This would be expected to increase the yield of white 
cells and to permit more complete removal of serum without washing the 
tells. It also proved to be more satisfactory to remove the red cells by 
sow centrifugation rather than to wait for gravity to accomplish the same 
purpose. It is conceivable that the dilution might wash out ascorbic 
acid from the white cells. Actually, this does seem to occur if hypotonic 
oxalate is used. With isotonic oxalate, however, there appears to be no 
loss, as judged by the agreement recorded below, with analyses of white 
tells isolated on a larger scale from undiluted blood. Furthermore, the 
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same ascorbic acid values were found, whether the white cells were centrj- 
fuged immediately or were allowed to stand 2 or 3 hours suspended in 
oxalate solution. 

It seemed impracticable to attempt to weigh the minute white cel] 
samples isolated. It also proved on trial to be unsatisfactory to estimate 
the white cell volume from the length of the column of packed cells in a 
calibrated capillary tube. An attempt was, therefore, made to find a cell 
constituent that is relatively constant in concentration and which would 
not be unduly affected by the moderate contamination with red cells or 
fibrin which sometimes occurs. Such a substance should furnish a valid 
measure of the sample size. The total phosphorus or a phosphorus fraction 
appeared to be worthy of trial. 

The total phosphorus proved to be rather constant in concentration in 
the white cell and as a consequence has been used as the basis for many 
hundreds of determinations. However, to measure the total phosphorus 
it was necessary to suspend the white cells evenly after isolation in order 
to take aliquots for both phosphate and ascorbic acid, and this was some- 
times quite difficult. Both acid-soluble and acid-insoluble phosphorus 
were next investigated and the latter proved to be the more satisfactory. 
The acid-insoluble phosphorus contained in the acid-insoluble residue from 
the entire sample was available for analysis, whereas only part of the acid- 
soluble fraction could be utilized, since the rest of the acid extract would be 
required for the ascorbic acid determination. Furthermore, contamination 
of the sample with red cells would cause a greater distortion of the acid- 
soluble than of the acid-insoluble fraction. This reasoning is borne out 
by actual analyses, which proved to be more consistent when based on the 
acid-insoluble fraction. 

Ten macro white cell samples from different individuals were isolated by 
centrifuging in tubes with a central narrow segment (1) and were analyzed 
for acid-insoluble phosphorus. An average of 3.34 mm per 100 gm. with a 
standard deviation of 0.25 mm per 100 gm. was found. (The individual 
values were 3.53, 3.16, 3.46, 2.94, 3.16, 3.36, 3.60, 3.44, 3.02, and 3.78 mu 
per 100 gm.) 

Although the correlation between this phosphorus fraction and the wet 
weight is thus not perfect, it is conceivable that acid-insoluble phosphorus 
may be a more physiological basis of calculation than weight. 

The ascorbic acid micromethod used is a modification of that previously 
developed for serum (12). In order to simplify the over-all procedure the 
conversion of ascorbic acid to dehydroascorbic acid was effected by copper 
instead of charcoal. The charcoal reagent is apt to cause difficulty due to 
floating, and its use would have necessitated several extra steps. When 
the charcoal is replaced, the results tend to be somewhat more uniform. 
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although the values observed are 2 or 3 mg. per cent higher. Apparently, 
charcoal removes some material (not ascorbic acid) which reacts with the 
reagent. 

Comparative Analyses—Table I gives the data for ten white cell samples 
isolated from different bloods and analyzed on both a macro and micro 
scale for ascorbic acid. The macro samples were obtained from venous 
blood by the procedure described by Butler and Cushman (1). The micro 
samples were obtained from the finger, as described above. The ascorbic 
acid was determined in both cases by the dinitrophenylhydrazine procedure ; 
the macrodeterminations were based on the weight of sample, and the 
microdeterminations were based on the acid-insoluble phosphorus. 

The standard deviation between the two methods is 3.6 mg. per cent, as 


TaBLeE I 


Comparison of White Blood Cell Ascorbic Acid Values Measured by Macro- and 
Microprocedures 


The values are recorded as mg. per cent. 





or tas a oa Serum} Serum} Serum) Serum! Serum! Serum hie 
4 





























5 6 7 8 9 10 |Average 
ee ee 30 23 25 27 24 32 26 19 25 | 25.8 
ee 26 27 21 31 27 31 29 25 17 26 | 26.0 
Difference*.......} —1 | —3 | —2 | +6 0| +7 | -3 | —1 | —2| +1 |+0.2 











* Standard deviation between the two methods, 3.6 mg. per cent. 


judged by these data. Part of this difference is undoubtedly due to inaccu- 
racies in the micromethod, which is based on two separate determinations, 
one for ascorbic acid and one for acid-insoluble phosphorus. The standard 
deviation of the individual microanalysis was found to be 2 mg. per cent in 
aseries of thirty-five determinations on nine different individuals. Another 
source of discrepancy between the macro- and micromethods may be as- 
cribed to differences in the acid-insoluble phosphorus content of the different 
white cell samples. Finally, it is difficult to isolate white cells on a macro 
sale and obtain entirely uniform samples. There is a possibility of 
different degrees of packing with variations in the accompanying fluid, 
and minute clots, if formed, will collect in the white cell layer and are often 
dificult to detect. 

Reproducibility of Values for Same Individual—The white blood cells 
of two individuals were analyzed at intervals during the day (Table II). 
No significant changes were observed over a 6 hour period. Table II also 
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TaBLeE II 
Hourly Measurements of Ascorbic Acid in White Rlood Cells of Two Individuals 
Subject A Subject B ce 
| Isolated Ascorbic Isolated Ascorbic ma a 
Mime | Meule | ‘obits | Average | TtgRe | ects | “white | Average of 
(calculated)* blood cells (calculated)* blood cells th 
hrs. | mg. | mg. per cent mg. per cent | Ars. mg. meg. per cent mg. per cent of 
0 | 0.23 3 CO 0 0.34 34 on 
0.24 32. CO 0.36 33 o 
0.26 30 CO 0.27 33 
0.33 | 33 | 32 | | 0.33 27 32 |» 
0.05 | 0.36 | 32 | 0.05 | 0.24 34 
| 0.30 | 32 | 0.28 33 
| 0.31 | 31 | 0.24 33 eB 
0.24 | 32 32 0.32 32 33 2. 
0.10 0.38 | 30 0.1 0.31 33 
0.28 | 31 | 0.31 | 33 | 3. 
0.26 32. CO | 0.36 33. Ci 4. 
0.22 | 29 | 30 | 0.29 | 33 33 is 
0.15 0.27 | 32 | 0.15 | 0.26 | 32 | 
0.39 | 27 | | 0.28 32 6. | 
0.28 | 3 | 0.28 34 33 7. | 
| 0.22 31 | 3i | 0.2 | 0.33 | 32 8. 
0.20 | 0.23 33 | | 0.32 | 382 9.1 
| 0.30 | 30 | 0.32 | 32 | 32 10. ] 
| 0.24 30 | 2 | 0.30 | 31 
| 0.17 31 31 | | 0.26 | 28 11. ¢ 
2 | 0.35 31 | | | 0.28 | 29 
| 0.31 31 | | | 0.13 | 24 12. I 
| 0.33 32. CO | 0.14 24 
| 0.32 29 CO | 0.14 24 27 
| 0.30 31. | 4 | 0.35 36 
0.34 - | 2 4 0.43 32 
4 0.40 26 | | | 0.31 29 
0.46 30 | | 0.31 26 
0.47 30 | | | 0.31 27 
0.35 aa | 0.82 33 30 
0.34 30 | 6 0.24 | 34 
0.18 6 | 7 | 014 | 29 
6 0.29 29 | 0.19 | 29 30 
0.37 31 | 
0.30 30 | | 
0.22 28 | 30 














* Calculated from acid-insoluble P, as described in the text. 


indicates the'mass of white cells usually isolated (0.2 to 0.3 mg.) from 0.1 to 
0.15 ml. of blood. 








& | 








BESSEY, LOWRY, AND BROCK 205 


SUMMARY 


1. A method is described for the measurement of the ascorbic acid con- 
centration in white blood cells and platelets of 0.1 ml. of blood. The cells 
are isolated by differential centrifugation from finger tip blood. The mass 
of white cells isolated are measured indirectly through a determination of 
the acid-insoluble phosphorus of the sample. The coefficient of variation 
of individual microanalyses was found to be about 8 per cent and the 
coefficient of variation between the micromethod described and a macro- 
method was about 13 per cent. Two analysts can measure 50 to 75 samples 


in 2 days. 
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RELATION OF SCURVY TO GLUCOSE TOLERANCE TEST, 
LIVER GLYCOGEN, AND INSULIN CONTENT OF PANCREAS 
OF GUINEA PIGS 
By SACHCHIDANANDA BANERJEE ann NARESH CHANDRA GHOSH 
(From the Department of Mitra Research in Diabetes, Calcutta School of Tropical 


Medicine, and the Applied Chemistry Department, University College of 
Science and Technology, Calcutta, India 


(Received for publication, December 6, 1946) 


It was reported previously that deficiency of vitamin C in guinea pigs 
leads to diminished glucose tolerance (1), diminished deposition of liver 
glycogen (2), and diminished insulin content of the pancreas (3). In 
those experiments, however, the guinea pigs of the control group received 
ad libitum a natural diet consisting of green grass and germinated gram 
(Cicer arietinum) and not the scorbutie diet (4) with the supplement of 
ascorbic acid. ‘The experimental results obtained with scorbutic guinea 
pigs might, therefore, be due to the different diets consumed by the animals 
and not due to the specific vitamin C deficiency. Further, the results 
might also be due to the effect of inanition as the paired feeding technique 
was not employed. In the present investigation the glucose tolerance test 
was studied, the glycogen value of the liver was determined, and the 
insulin content of the pancreas was estimated in both normal and scorbutic 
guinea pigs. ‘The animals received the scorbutic diet with or without the 
supplement of ascorbic acid and the paired feeding technique was employed. 


EXPERIMENTAL 


Relation of Scurvy to Glucose Tolerance Test in Guinea Pigs—Healthy 
male guinea pigs with an average weight of 280 gm. were fed ad libitum for 
1 week a scorbutic diet (4) with a daily oral supplement of 5 mg. of ascorbic 
acid. The animals, which were growing, were divided into two groups and 
paired in such a way that the weights of the animals in each pair were 
about the same. One of the groups was fed ad libitum the scorbutie diet 
without any supplement of ascorbic acid for 21 days. The daily food 
consumption of each animal of this group was noted and the equivalent 
amount of the scorbutic diet was given to the corresponding animal of the 
second group, which received in addition a daily oral supplement of 5 mg. 
of ascorbic acid. All the animals were fed 2 drops of a concentrate of 
vitamins A and D twice a week during the experimental period. In the 
evening of the 2lst day the food was removed from the cages of all the 
animals and the glucose tolerance test was performed the next morning as 
described previously (5). The results are shown in Table I. 
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Relation of Scurvy to Glycogen Content of Liver of Guinea Pigs—Male 
guinea pigs, with an average weight of 250 gm., were selected, separated 
into two groups, and paired as described in the previous section. They 
were fed the same scorbutic diet with or without the supplement of ascorbic 
acid for 21 days in the same way as mentioned above. In the evening of 


TABLE I! 


Glucose Tolerance Tests in Normal and Scorbutic Guinea Pigs 


Blood sugar after feeding glucose 

















fis 


Pair | Weight at | Fasting | 
No death | blood sugar | - - 
| | 45 min 90 min. 150 min. 
gm. meg. per cent mg. per cent | mg. per cent meg. on ens 
3 Normal 400 1113 lo99 \204 177 
Scorbutic 286 [124 247 '300 313 
2 | Normal 333 |106 177 177 |106 
Scorbutic 250 1112 |298 325 1313 
3 | Normal 436 {128 |187 1165 (156 
Scorbutic 335/131 325 247 220 
4 Normal 338 «(138 218 1192 174 
Scorbutie | 263 114 [284 \272 174 
5 Normal 320 1136 (213 1195 \134 
Scorbutic 265 (174 \319 (292 1325 
6 Normal 290 97 274 247 |159 
Scorbutic | 224 | 85 325 247 235 
7 Norma! | 325 115 177 146 1130 
Scorbutic 265 130 237 241 254 
8 Normal 292 113 302 217 195 
Scorbutic 255 93 237 252 296 
| a > 
Average 
IE ccncwss eee 118 + 3.3/221 + 16.4/195 + 10.6)1544 9.9 
Scorbutic ae ee ..120 + 10.2/284 + 13.6/272 + 10.8)266 + 19.4 
Difference of means 2 | 63 79 (112 
Standard error of difference 10.78 21.32 15.13 | 21.82 
| 0.2* | 2.9 | 5.2 | 5.1 


* Except for this value, all values of ¢ are highly significant. 


the 2ist day the food was withdrawn from the cages. The next morning 
the animals were sacrificed by a blow on the head, the neck veins cut, and 
the livers removed, wrapped in a gauze cloth to remove adherent blood, 
weighed, and each liver quickly dropped in a 50 ce. centrifuge tube contain- 
ing hot 30 per cent potassium hydroxide. The glycogen in the liver was 
precipitated by the method of Grattan and Jensen (6) and the reducing 
sugar in the hydrolyzed precipitate was determined by the method of 
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Hagedorn and Jensen (7). The glycogen values of the liver are given in 
Table IT. 

Relation of Scurvy to Insulin Content of Pancreas of Guinea Pigs—Two 
groups of healthy male guinea pigs, with an average weight of 250 gm., 


TABLE II 


Determination of Liver Glycogen in Normal and Scorbutic Guinea Pigs 

















, Weight at death Weight of liver Glycogen per 100 gm. liver 
md 

, Normal Scorbutic Normal Scorbutic Normal Scorbutic 

gm. gm. gm. gm. om. gm. 

1 304 292 6.74 9.58 | 1.408 0.029 

2 228 186 5.64 7.80 0.833 0.056 

3 233 204 7.97 5.28 1.753 0.036 

4 246 217 6.32 7.75 | 0.794 0.183 

5 335 240 5.34 | 7.88 | 1.600 0.060 

6 296 258 | 6.38 10.62 | 1.809 | 0.011 

7 | 238 215 5.96 4.48 | 3.900 0.056 

8 | 258 242 6.68 6.50 2.453 0.108 

9 260 220 5.15 9.18 2.444 0.047 
10 | 308 286 7.14 7.52 | 3.178 0.008 
ll 288 234 7.61 5.97 2.372 | 0.052 
12 240 209 6.47 7.55 0.695 0.109 
Average........... re 6.45 7.51 | 1.936 + 0.282) 0.063 + 0.014 
ee Se eee rE Ee Pre 1.873 
Standard error of difference... . mer a 4 «=O 
—— ae Pi aca sseeeeeseeess| 6.6 (Highly significant) 

TasB_e III 
Determination of Insulin Content of Pancreas of Guinea Pigs 
Weight of pancreas, Insulin content per gm. 
pooled pancreas 
gm. Re. 
Normal (10 animals) 11.91 0.45 


Seorbutic (10 animals) 10.38 0.11 


were selected, paired, and fed as described above for a period of 21 days. 
The food was removed from the cages of the animals in the evening of the 
2st day and the animals were sacrificed the next morning as described 
in the previous section. The pancreas from the animals of each group was 
removed to a cooled, weighed bottle containing acid alcohol of the following 
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composition: alcohol 75 parts, distilled water 25 parts, and concentrated 
hydrochloric acid 1.5 parts. The second weighing of the bottle gave the 
weight of the pancreatic tissue. The insulin in the pooled pancreas of 
each group of animals was extracted by the method of Best, Haist, and 
Ridout (8). The potency of insulin in these extracts was quantitatively 
estimated by the rabbit assay method of Marks (9). The results are given 


in Table III. 
DISCUSSION 


Unlike those reported by Sigal and King (10) and Murray and Morgan 
(11), the fasting blood sugar values of normal and scorbutic guinea pigs did 
not differ significantly. Blood sugar values of scorbutic guinea pigs 45, 
90, and 150 minutes after the feeding of glucose were significantly higher 
than the corresponding values of the paired fed control animals. The 
glucose tolerance was, therefore, definitely lowered in all the scorbutie 
guinea pigs. The glycogen content of the liver was markedly lowered in 
all the scorbutic guinea pigs and the results were statistically significant 
(Table II). The insulin content of the pancreas of scorbutic guinea pigs 
was markedly decreased when compared with that of the paired fed normal 
control animals (Table III). In our previous experiments (3) in which 
the normal animals received the diet ad libitum, the insulin content was 0.6 
I. u. per gm. of pancreas. This value was a little higher compared to our 
present findings. Inanition, therefore, slightly lowers the insulin content 
of the pancreas. This was also reported by Best ef al. (8) in experiments 
with rats. The decrease in the insulin content of the pancreas in scurvy is, 
therefore, mainly due to the effect of vitamin C deficiency. In our pre- 
vious experiments (3) the animals of the scorbutic group received the 
scorbutic diet for a period of 24 to 28 days. The insulin content of the 
pancreas of those animals was 0.08 unit per gm. of pancreas. In the 
present investigation the animals of the scorbutic group received the scor- 
butic diet for 21 days only and the insulin content was 0.11 unit per gm. of 
pancreas, a little higher than our previous result. These findings indicate 
that the insulin content of pancreas gradually diminishes with the progress 
of scurvy. Though the adrenalin content of the adrenal glands of guinea 
pigs markedly increased when the animals developed scurvy (4, 5), seorbutie 
guinea pigs with demedullated adrenals showed lowered glucose tolerance, 
as did the scorbutic guinea pigs with intact adrenals (5). The lowered 
glucose tolerance and the lowered glycogen content of the liver as observed 
in scorbutic guinea pigs, therefore, might be explained by the diminished 
insulin content of the pancreas. Vitamin C seems to stimulate the islands 
of Langerhans for the normal secretion of insulin. The deficiency of this 
vitamin was found to cause degranulations in the 8-cells of the pancreas 
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of guinea pigs (12). Like the guinea pig, the human cannot synthesize 
yitamin C and a chronic deficiency of vitamin C might cause degenerative 
changes in the islands of Langerhans, resulting in diabetes mellitus. 


SUMMARY 


1. The effect of vitamin C deficiency on the glucose tolerance, on the 
glycogen content of the liver, and on the insulin content of the pancreas 
was studied in guinea pigs by a paired feeding technique. 

2. Glucose tolerance was significantly lowered in scorbutic guinea pigs. 

3. The glycogen value of the liver was significantly diminished in 
scorbutic animals. 

4. The insulin content of the pancreas of scorbutic guinea pigs was 
diminished to about one-fourth of the normal value. 

5. The insulin content of the pancreas was found to diminish with the 
progress of scurvy, and inanition was also found to lower slightly the 
insulin content of the pancreas. 

6. It has been suggested that the disturbed carbohydrate metabolism 
as seen in scurvy is due to a deficiency of insulin secretion and a chronic 
deficiency of this vitamin may be one of the etiological factors of diabetes 
mellitus in human subjects. 


We are indebted to Dr. F. M. Fruter of Hoffmann-La Roche, Inc., for 
the supply of ascorbic acid and to Dr. B. Mukerji, Biological Standardisa- 
tion Laboratory, Government of India, for International Standard Insulin. 
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THE METABOLISM OF PHENOXYACETIC ACID, ITS HOMO- 
LOGUES, AND SOME MONOCHLOROPHENOXYACETIC 
ACIDS. NEW EXAMPLES OF 8 OXIDATION 


By STANLEY LEVEY* ann HOWARD B. LEWIS 


(From the Department of Biological Chemistry, Medical School, 
University of Michigan, Ann Arbor) 


(Received for publication, January 20, 1947) 


The biological behavior of benzoic acid and its homologue, phenylacetic 
acid, has been the subject of many investigations. Phenylacetic acid, 
like benzoic acid, conjugates with glycine in the organism of the common 
laboratory ‘animals (dog, cat, rabbit) to form phenaceturic acid, the 
homologue of hippuric acid (1). Phenoxyacetic acid is a compound 
which differs from phenylacetic acid in that there is an ether linkage 
between the benzene ring and the aliphatic side chain (CsHs—O—CH,— 
COOH). It was of interest to determine the biological behavior 
of phenoxyacetic acid and some of its higher homologues. 

When glycine is fed to the rabbit with phenylacetic acid, the rate of 
excretion as the conjugation product, phenaceturic acid, is increased. 
If phenoxyacetic acid were conjugated with glycine, as is phenylacetic 
acid, the administration of glycine with the acid should increase both the 
extent of conjugation and the rate of excretion of the conjugate. No 
evidence of conjugation with glycine was obtained either when the acid 
was fed alone or with glycine. No evidence of conjugation with glucuronic 
acid could be obtained. The o- and p-monochlorophenoxyacetic acids 
were also studied. The halogen derivatives are of interest in view of 
the use of the dichloro derivative of phenoxyacetic acid as a weed killer 
in agriculture. The activity of phenoxyacetic acid and its monochloro 
derivatives as plant hormones has been studied by Zimmerman (2). 

In his studies on biological oxidation of fatty acids (3), Knoop employed 
fatty acids in which a phenyl group was substituted in the carbon chain 
at the w- or terminal carbon atom, and from these observations developed 
the well known theory of 8 oxidation. Carter (4) has also used similarly 
substituted fatty acids to study the mechanism of fatty acid oxidation. 
The failure of oxidation of phenoxyacetic acid might make this compound 
of value in the study of the oxidation of its higher homologues, y-phe- 
noxybutyric and e-phenoxycaproic acids, since 8 oxidation of these acids 
should result in the formation of phenoxyacetic acid which escapes further 
oxidation. These homologues of phenoxyacetic acid were synthesized 


*Present address, Wayne County General Hospital, Eloise, Michigan. 
213 
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and fed to rabbits. The unchanged acids could not be found in the urine, 
but phenoxyacetic acid could be isolated from the urine by the formation 
of the S-benzylthiuronium salt. Since phenoxyacetic acid could originate 
only from the oxidation of the acids fed, the experiments afford new eyj- 
dence of the 8 oxidation of fatty acids. 


EXPERIMENTAL 


Compounds Used—Phenoxyacetic acid and the o- and p-monochloro. 
phenoxyacetic acids were obtained through the courtesy of Mr. W. M. 
Alles of the Dow Chemical Company, to whom we wish to express our 
appreciation of his cooperation. The purity of these acids was established 
by the determination of their melting point and of their neutral equivalents, 
y-Phenoxybutyric acid was synthesized by the method of Bentley, Haworth, 
and Perkins (5), and e-phenoxycaproic acid by the method of von Braun 
(6). The ephenoxycaproic acid, even after three recrystallizations from 
petroleum ether, melted at 55-56° (uncorrected), a melting point definitely 
lower than that of 71°, as reported by von Braun. 

Since it was anticipated that if phenoxyacetic acid were conjugated with 
glycine, the conjugated acid, phenoxyacetylglycine,! would be excreted, 
it was necessary to prepare this acid whose synthesis has not been carried 
out previously, so far as is known to us. Phenoxyacetyl chloride was 
prepared by the action of thionyl chloride on phenoxyacetic acid (7), 
The acid chloride was then coupled with glycine by the usual Schotten- 
Baumann procedure. No difficulties were encountered in the synthesis. 
After repeated recrystallization from hot water and drying over phosphorus 
pentoxide, the acid melted at 115-116° (uncorrected), had a neutral equiva- 
lent of 204.6 and 208.2 (theoretical 209), and a nitrogen content of 6.63 
per cent (theoretical 6.69 per cent). 

In previous studies from this laboratory (8), we have found the S-benzyl- 
thiuronium salts of value in the identification of derivatives of fatty 
acids present in urine. We have prepared these salts of the acids with 
which we are concerned in the present investigation, applying the con- 
ditions for their preparation which are outlined by Donleavy (9). Since, 
to our knowledge, the preparation and properties of these particular 
salts have not been described, we are presenting the melting points and 
nitrogen contents of the derivatives of the pure acids, as well as of those 
isolated from the experimental urines in Table I. For the isolation and 
characterization of phenoxyacetic acid and related compounds from 
urine, the acidified urine has been extracted by ether in a continuous 
extractor, and the ether has been removed from the extract by evaporation. 


1 The name, ‘‘phenoxyaceturic acid,’’ will be used for convenience throughout 
this discussion in place of phenoxyacetylglycine. This nomenclature is similar 
to that of phenaceturic acid for phenylacetylglycine. 
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The residual material was neutralized by sodium hydroxide, the sodium 
salts were dissolved in hot alcohol, and the salts were precipitated as 
described (8, 9). The derivatives prepared from the ether extracts of 
urine were usually of satisfactory purity after one recrystallization (8). 


TABLE I 
Analyses and Melting Points of S-Benzylthiuronium Salts of Phenoxyacetic Acid, 
o- and p-Monochlorophenozyacetic Acids Prepared from Pure Acids and Isolated 
from Experimental Urines 
In all the experiments mixed melting points of the salts isolated from the experi- 
mental urines and of the salts of the pure acid were determined also. No depres- 
sion of the melting points were observed. All melting points are uncorrected. 











Acid fed Isolated as acid fed Nitrogen 
: Mp. ——e 
(a) (b) =z X 100 Found —_ 
mg. mg. c. per cent| per cent 
A. Pure compounds 
Phenoxyacetic 170 8.82 | 8.83 
o-Chlorophenoxyacetic 159 -159.5 | 7.99 | 8.09 
p-Chlorophenoxyacetic 183 .5-184 7.99 | 8.09 
y-Phenoxybutyric 139 -140 
B. Isolated from urine 
Phenoxyacetic 560 286 51 170 
a 700 | 340 48 170 
- 600 | 257 43 170 -171 8.73 | 8.83 
o-Chlorophenoxyacetic 400 | 216 54 158 8.06 | 8.09 


? 300 | 133 44 158 -159 
p-Chlorophenoxyacetic 486 193 41 183 -184 


300 | 106 35 183 -184 7.94 | 8.09 

y-Phenoxybutyric 400 44* 13t 170 8.72 | 8.83 
“¥ 350 40 14t 169 

ee 500 | 160 38t 170 8.73 | 8.83 

¢-Phenoxycaproic 420 | 145* 23T 169 8.62 | 8.83 

“3 420 125 20t 170 8.96 | 8.83 




















*Carbon and hydrogen determinations made on these salts showed 60.39 and 
60.55 per cent of carbon and 5.77 and 5.93 per cent of hydrogen on the respective 
samples indicated. Theoretical for the salt of phenoxyacetic acid, 60.31 and 5.66 
per cent of carbon and hydrogen respectively. 

t The salt obtained was the salt of phenoxyacetic acid, as shown by the melting 
points and analyses. The percentage is calculated as the percentage of the phen- 
oxyacetic acid which could be derived by oxidation of the amount of acid fed. 


Methods of Analysis—Since phenoxyaceturic acid was a possible urinary 
component after the administration of phenoxyacetic acid, it was necessary 
to study methods for its determination. In the Griffith method for the 
determination of the similar compound, hippuric acid, the acidified urine 
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is extracted with ether and the nitrogen content of the extract is determined 
as a measure of the hippuric acid content after the destruction of any 
extracted urea by the use of hypobromite (10). We have found that 
phenoxyacetie acid added to normal rabbit urine may be satisfactorily 
recovered (97.6, 98.1, and 99.0 per cent in three consecutive tests) in 
this way. It was also desirable to determine total phenoxyacetie acid 
in urine. The procedure used by Kingsbury and Swanson (11) for the 
estimation of total benzoic acid, when applied to phenoxyacetie acid, 
resulted in the formation of some substance (presumably a nitrophenol 
derivative) which was not completely extracted by the chloroform and, 
in addition, was only partially reextracted from the chloroform by the salt 
solution. The yellow color of this material interfered with the titration 
of the chloroform extract with alkali. 

A colorimetric procedure was developed which was based on the oxidative 
cleavage of phenoxyacetic acid by nitric acid to yield a dinitrophenol. 
The intensity of the color of the sodium salt of dinitrophenol was measured 
with the aid of the Evelyn photoelectric colorimeter. 

The 6 or 18 hour specimens of rabbit urine were diluted to 100 and 
200 ml. respectively, and 5 ml. of this diluted urine were further diluted 
to 500 ml. 2 ml. of the urine as finally diluted were placed in a miero- 
Kjeldahl flask calibrated at 12 ml. A glass bead was added and the con- 
tents of the flask were reduced nearly to dryness by heating, preferably 
on a Kjeldahl micro digestion rack. Heating was stopped just before 
the last drop of liquid disappeared from beneath the bead. 3 ml. of con- 
centrated nitric acid were added and the acid was evaporated by heating 
on the rack until a small amount of acid remained in the flask. It was 
necessary to exercise caution at this point, since, if the residue was allowed 
to become entirely dry, the contents sometimes exploded and low results 
were obtained. After cooling, 5 ml. of distilled water were added, followed 
by 3 ml. of 25 per cent sodium hydroxide. After dilution to the mark 
with distilled water and careful mixing, the intensity of the color which 
developed immediately was measured in an Evelyn photoelectric color- 
imeter (Filter 420). The readings were converted to mg. with the aid 
of a calibration curve, obtained by the use of the above procedure with 
2 ml. of normal diluted rabbit urine to which known amounts of phenoxy- 
acetic acid had been added. Aqueous solutions of the acid could not be 
used in the establishment of the calibration curves, since there was present 
in rabbit urine some substance, in the presence of which the color of the 
sodium salt of the dinitrophenol was intensified. By the use of this 
procedure, it was possible to recover from 93 to 99 per cent of added 
phenoxyacetic acid. Similar calibration curves were prepared for the 
monochloro derivatives, for phenoxyaceturic acid (which gave, as expected, 
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essentially the same values as phenoxyacetic acid), and for y-phenoxy- 
butyric acid. With the monochloro compounds, it was necessary to use 
fuming nitric acid to split the ether linkage. 

Glucuronic acid was determined colorimetrically by the procedure 
already described from this laboratory (8) with the use of the photoelectric 
colorimeter. Creatinine was determined as a check on the completeness 
of the collection of the sample, but the results are not recorded. 

Experimental Procedure—Male rabbits of 2 to 3 kilos of body weight, 
maintained on constant diets of oats and cabbage, served as experimental 
animals. Urine was collected by gentle pressure on the bladder and was 
separated into 6 and 18 hour fractions. The sodium salts of the acids 
in aqueous solution were fed by stomach tubes. Phenoxyacetic acid was 
first fed at a level of 200 mg. per kilo, but later a somewhat smaller dosage 
of 100 mg. per kilo was fed. When glycine was also administered, it was 
given in amounts corresponding to three equivalents of the acid fed. 

Since, so far as is known to us, reports of the toxicity of the monochloro 
derivatives of phenoxyacetic acid are not available, preliminary experi- 
ments with these acids were carried out. Male white rats, 200 gm. in 
weight, received approximately 200, 400, and 800 mg. per kilo orally for 
3 consecutive days with no signs of toxicity. The animals consumed 
their daily food rations completely. Rabbits which received p-mono- 
phenoxychloroacetic acid at the 200 mg. per kilo level showed a marked 
hematuria and proteinuria which persisted for approximately 72 hours 
after the feeding. In subsequent feeding experiments with rabbits, the 
monochlorophenoxyacetic acids were fed at a level of 125 mg. per kilo 
(equivalent to 100 mg. of phenoxyacetic acid). 


DISCUSSION 


The results of the experiments in which phenoxyacetic acid was fed may 
be summarized as follows. There was no evidence that phenoxyacetic 
aid was conjugated to a significant degree with either glucuronic acid 
or with glycine (even when extra glycine in considerable amounts was 
supplied in the diet). These results, as far as conjugation with glycine 
to give phenoxyaceturic acid is concerned, are in harmony with the limited 
earlier and essentially qualitative experiments with man (12, 13) and the 
dog (13). The excretion of “total” phenoxyacetic acid by the kidneys 
was rapid, 60 per cent of the amount ingested being excreted within 6 
héurs (range, 44 to 72 per cent in nine experiments), and 96 per cent in 
4 hours (range, 82 to 105 per cent). It is of interest to compare the rate 
of exeretion of phenoxyacetic acid with that of phenylacetic acid in the same 
species, even though the dose per kilo was significantly greater in the experi- 
ments with the latter (1). The excretion of phenylacetic acid, both total 








218 METABOLISM OF PHENOXYACETIC ACIDS 


and combined as phenaceturic acid, was slow and the excretion continued 
over a period of several days. 

It was also possible to isolate phenoxyacetic acid from the experimental 
urines as the S-benzylthiuronium salts? by the procedure already discussed, 
As shown in Table I, from 43 to 51 per cent of the acid fed could be isolated 
thus as a derivative of satisfactory purity, as shown by melting points 
and analyses for nitrogen. 

When o-monochlorophenoxyacetic acid was fed either with or without 
glycine, there was no evidence of conjugation, and prompt excretion 
by the kidneys was observed, 7.e. in four experiments from 50 to 72 per 
cent of the acid administered in 6 hours. These results are similar to those 
obtained with the unsubstituted phenoxyacetic acid and are in sharp 
contrast to the results obtained after the oral administration of the isomeric 
p-monochlorophenoxyacetic acid. Here also no conjugation was observed, 
but the excretion in the first 6 hours was so low (13 to 15 per cent of the 
administered acid in four experiments) that the values approached the 
lower limits of accuracy of the analytical procedures used. With the 
dosage used (125 mg. per kilo) there were no signs of toxicity, although 
the possibility of delayed absorption from the intestine or renal injury 
as factors in the lower rate of excretion cannot be ruled out. In the 24 
hour period the total excretion was essentially the same for both the mono- 
chloro acids, an excretion corresponding to 70 to 90 per cent of the amount 
administered. It was possible to isolate each of these acids from the ex- 
perimental urines as the SBT salts. The data are presented in Table I. 

Since it was shown that phenoxyacetic acid was excreted unchanged, 
it was of interest to determine whether the higher homologues of phenoxy- 
acetic acid would be excreted unchanged or whether, by oxidation of the 
side chain, they would be converted to lower homologues or to phenoxy- 
acetic acid itself. When y-phenoxybutyric acid was fed with orwithout 
glycine, the rate of excretion of metabolic products was similar to that 
observed after phenoxyacetic acid (53 and"58 per cent in 6 hours in two 
experiments), with no evidence of conjugation with either glycine or 
glucuronic acid. That oxidation to yield phenoxyacetic acid had occurred 
was shown by the isolation of the SBT salt of phenoxyacetic acid from 
the experimental urines. As shown in Table I, the amounts of the salt 
isolated in three experiments were equivalent to 13, 14, and 38 per cent 
of the theoretical amount of phenoxyacetic acid which could be obtained 
by 8 oxidation of the y-phenoxybutyric acid fed. 

After «phenoxycaproic acid had been fed to two rabbits, 20 and 2 
per cent of the theoretical amount of the SBT salt of phenoxyacetic acid 
was obtained from the urine. Melting points, mixed melting points, and 


2 For convenience, these salts will be referred to hereafter as SBT salts. 
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analyses for nitrogen were satisfactory (Table I). However, as added proof, 
one sample of the phenoxyacetic acid salt isolated after the administration 
of y-phenoxybutyric acid and one sample obtained after e-phenoxycaproic 
acid were analyzed for carbon and hydrogen, as shown in the foot-notes 
to Table I. All the evidence indicates clearly that the oxidation, pre- 
sumably 8 oxidation, of the acids has occurred, and that the product of 
oxidation, phenoxyacetic acid, is excreted in the urine. Since the prepa- 
ration of the SBT salts of other acids from urine has been estimated to 
yield from 50 to 60 per cent of the theoretical amount (8), it is believed 
that the amount of phenoxyacetic acid actually present in the urine 
represents a significant proportion of the acid fed. 

Although no conjugation of phenoxyacetic acid with glycine was ob- 
served, it was of interest to study the fate of the potential conjugation 
product, phenoxyaceturic acid, which we had synthesized as already 
described. The acid was administered orally or subcutaneously to rabbits 
in amounts equivalent to 100 mg. of phenoxyacetic acid per kilo and the 
total phenoxyacetic acid and the phenoxyacetic acid as phenoxyaceturic 
acid were determined in the 6 and 18 hour urines. ‘The difference between 
total and conjugated phenoxyacetic acid was an index of the amount 
of phenoxyaceturic acid hydrolyzed. With two exceptions (one oral 
and one subcutaneous administration), significant hydrolysis was observed, 
ahydrolysis which was greater in the 18 hour samples than in the 6 hour. 
That this hydrolysis was not due to the activity of the intestinal microflora 
was shown by the observation that in four experiments with subcutaneous 
injection hydrolysis was observed in three of the four urines collected 
after 6 hours and in all four of the 18 hour specimens. From the urine 
of one animal which had received 500 mg. of phenoxyaceturic acid orally, 
the equivalent of 108 mg. of phenoxyacetic acid was isolated as the SBT 
salt. This corresponded to about 30 per cent of the phenoxyacetic acid 
which could be obtained by complete hydrolysis of the phenoxyaceturic 
aid fed. The melting point, mixed melting point, and nitrogen content 
(8.75 per cent) corresponded to those of known samples of the SBT salt of 
phenoxyacetic acid. 

The hydrolytic cleavage of phenaceturic acid observed was not due to 
thanges in the urine after voiding. When urine samples containing 
phenaceturic acid were incubated at room temperature, hydrolysis was 
dight, less than 6 per cent in 24 hours. A similar study of hippuric acid 
in urine showed a hydrolysis of more than 40 per cent in two experiments. 

Histozyme, a non-specific enzyme, which effects the hydrolysis of hippuric 
«id, is known to occur in certain animal tissues, notably the kidney. 
% (14) has observed that phenaceturic acid was readily hydrolyzed by 
4 purified histozyme preparation from pig liver, less readily by a similar 
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preparation from pig kidney. We have prepared partially purified his. 
tozyme (acetone-dried preparations) from rabbit kidney by the method 
of So (14) and have studied its action on hippuric and phenoxyaceturic 
acid in parallel experiments. 

Hippuric or phenoxyaceturic acid was determined by the use of the 
Griffith method (10) before and after incubation. The decrease after 
incubation represented the amount hydrolyzed. The details are presented 


TaB_e II 
Hydrolysis of Hippuric and Phenoryaceturic Acids by Histozyme of Rabbit Kidney 
Test solutions included 25 ml. of phosphate buffer (pH 6.8), 200 mg. of enzyme 
powder,* and the amount of substrate indicated. The mixed materials were diluted 
to 50 ml. with distilled water. A small erystal of thymol was added, and the solu- 





tion was incubated for 24 hours at 36-37°. Blank values have been subtracted. 
Experiment No. Time Substrate Hydrolysis 
Ars. meg per “a 
1 0 Hippuric acid 108.0 
24 ’ <s 88.2 18.3 
2 | 0 Phenoxyaceturic acid 101.5 
24 - ” 32.6 68.9 
3 Oo | Hippuric acid 126.4 
24 ” iy 121.3 3.25 
4 0 Phenoxyaceturic acid 100.8 
24 - “ 66.7 33.8 
5 0 Hippuric acid 143.4 
24 “- ° 142.2 0.9 
6 0 Phenoxyaceturic acid 147.4 
24 i o 100.3 32.1 
7 0 Hippuric acid 131.1 
| 24 ee ee 122.8 7.1 
8 0 Phenoxyaceturic acid 75.3 
24 = " 47.3 37.2 


* Two histozyme preparations were used: Preparation 1 in Experiments 1 and 
2, and Preparation 2 in the other experiments. 


in Table II. Preparation | of the kidney powder was more effective in 
the hydrolysis of both hippuric and phenoxyaceturic acid than was Prepa- 
ration 2, which hydrolyzed hippuric acid very slightly. However, i 
each of the four sets of experiments, the extent of hydrolysis of phenoxy- 
aceturie acid was clearly greater than was that of hippuric acid. The 
data suggest that the hydrolysis of phenoxyaceturic acid, observed after 
both oral and parenteral administration, may be related to the activity 
of the histozyme of the kidney. It is, of course, possible that similar 
enzymatic activity may be associated with other organs. 
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SUMMARY 


The S-benzylthiuronium salts of phenoxyacetic acid and some of its 
derivatives and homologues have been prepared and their properties 
described. These salts have been useful for the identification of the 
phenoxy acids and their products of metabolism in urine. Phenoxy- 
acetylglycine (‘‘phenoxyaceturic’”’ acid) has been synthesized. When 
this compound was fed or injected into rabbits, some hydrolysis occurred, 
as evidenced by the excretion of phenoxyacetic acid in the urine. The 
presence of an enzyme which hydrolyzed phenoxyaceturic acid more readily 
than hippuric acid was demonstrated in “histozyme” preparations from 
rabbit kidneys (acetone-dried tissue). 

When phenoxyacetic and o- and p-monochlorophenoxyacetic acids 
were fed to rabbits, they were excreted in the urine. No evidence of con- 
jugation with either glycine (phenoxyaceturic acids) or glucuronic acid 
was obtained. 

When y-phenoxybutyric acid and e-phenoxycaproic acid were fed, 
only phenoxyacetic acid was isolated from the urine. This is further 
evidence in support of the Knoop theory of 8 oxidation of fatty acids, 
since the phenoxyacetic acid is believed to be derived from the higher 
homologues by 8 oxidation. 
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It has been shown that nerve and muscle tissues contain an esterase 
easily distinguished from all other esterases by its high relative specificity 
for acetylcholine (10). This enzyme, cholinesterase, is present in all types 
of nerves and muscles throughout the animal kingdom, and has been found 
in the heads of Tubularia, a hydrozoan coelenterate, the lowest animal form 
to possess neuromuscular tissue comparable to that of higher animals (5). 
Substances which are inhibitors of the enzyme also abolish conduction in 
nerve and muscle (2). This abolition is reversible when the enzyme inhi- 
bition is also reversible, whereas irreversible inhibition of the enzyme is 
paralleled by irreversible inhibition of conduction. A striking parallelism 
has been obtained between the behavior of the chemical and electrical 
processes if their irreversibility is tested as a function of time and tempera- 
ture (3, 4, 6). In connection with a great number of other facts, the 
evidence appears to be conclusive that the activity of cholinesterase is 
inseparably associated with the conduction of impulses along nerve and 
muscle fibers (7, 8). 

It is obvious that an enzyme of such apparent importance in the 
functioning of nerve and muscle is of great interest and that more infor- 
mation is desirable concerning its chemical and physicochemical properties. 
It is useful to obtain the enzyme in purified form in order to facilitate 
detailed studies concerning its chemical and physicochemical properties. 
In this paper will be described a procedure by which cholinesterase of a 
high degree of purity has been obtained by fractional ammonium sulfate 
precipitation of extracts from the electric organ of Electrophorus electricus. 
The same procedure always yields nearly identical results. Studies of the 
physicochemical properties of the enzyme will be reported in subsequent 
papers. 

Electric tissue has been selected because it splits per hour amounts of 
acetylcholine equivalent to 1 to 3 times its own weight. This extra- 
ordinarily high concentration of the enzyme is particularly interesting in 
view of the low protein (2 per cent) and high water content (92 per cent). 
It is rare to find a material which offers itself so favorably as a source for 


* This work was made possible by a grant of the Josiah Macy, Jr., Foundation. 
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enzyme purification. It was found, in 1938, that cholinesterase may be 
vasily extracted from these organs and obtained in cell-free solution by 
homogenization and centrifugation (9). Certain properties of this enzyme 
have been described. It has also been shown that the esterase in these 
organs is exclusively specific cholinesterase (10). 


Methods 


The manometric method was used for the determination of the enzyme 
activity in the usual way (10). The buffer solution in the vessel contained 
0.13 m NaCl, 0.04 m MgCl, and 0.025 m NaHCO, in final concentration. 
The substrate was placed in the side bulb in 0.1 cc., its final concentration 
after mixing being 0.018 mM. If the enzyme solution was diluted to a very 
high degree, gelatin was added (0.1 per cent final concentration), since it 
was found that the enzyme in high dilution becomes unstable. 

The protein content was determined by drying and weighing. 1 ee. of 
the enzyme solution was put into a small centrifuge tube of 3 ec. capacity 
and of known weight (between 4.0 and 4.5 gm.). 1 ec. of 20 per cent tr- 
chloroacetic acid was added. The precipitate was left to settle overnight. 
The tube was centrifuged at 4000 r.p.m. for about LO minutes and the super- 
natant was discarded. The precipitate was washed twice with 2 ee. of 
distilled water. After the supernatant of the second washing had been 
removed, the tube was kept in a drying oven at 110° and weighed on the 
following day. 

The dialysis of the purified cholinesterase solutions was carried out in the 
following manner: The enzyme, after solution in secondary phosphate plus 
phosphate buffer, was poured into a bag made of cellophane casing, a 
small glass bead was added, and the open end then tied. Allowance was 
made for a sufficiently large air bubble to cause stirring of the solution. 
The cellophane bag was then attached to an eccentric stirrer and immersed 
ina3 liter jar. The stirrer was rotated by means of a small gear reduction 
motor. 

For the Ist day dialysis was carried out against 0.1 m Na,HPO,. The 
outer dialysis fluid was changed every 1} hours. In all six to seven changes 
of secondary phosphate (3 liters each) were used. The outer dialysis fluid 
was changed to 0.1 m NaCl, 0.015 m MgCl, 0.015 m phosphate buffer, pH 
7.4, in the final change. 

During the 2nd and 3rd days, the dialysis was continued against the 
latter solution, changes being made every 2 hours. In all, six to seven 


changes were made each day. 
Results 


Preparation of Material—The electric organ contains an appreciable 
amount of mucin (1), which proved to be most disturbing in earlier attempts 
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at purification of cholinesterase extracted from this tissue. It could, how- 
ever, be easily removed in the following manner: the tissue was cut into 
small pieces and allowed to remain in the refrigerator under toluene for 1 
month. Each day there appears some exudate which has a high mucin 
content. ‘The exudate is discarded periodically and finally, at the end of 4 
to 5 weeks, the tissue contains very little mucin. 

In the preparation to be described here, 10.05 kilos of electric tissue from 
nine electric eels (Electrophorus electricus) were treated in the way 
mentioned above. At the end of 1 month, 6.44 liters of exudate had been 
removed. The remaining 3.6 kilos of tissue were ground in a Waring 
blendor with 9.2 liters of 5 per cent ammonium sulfate. During the first 
grinding, 250 cc. of ammonium sulfate were added to each 100 gm. portion 


TaBLe I 
Cholinesterase Activities and Protein Contents of Solutions Obtained during Purifi- 
cation of Enzyme from Electric Tissue of Electrophorus electricus 
The last column indicates the enzyme activity per unit of protein (Ap = mg. of 
acetylcholine split per hour per mg. of protein). Preparation 8 has been obtained by 
high speed centrifugation of a solution similar to Preparation 7. 

















Preparation No. Dilution used | CO: output ACh split | Protein | Ap 
c.mm. per hr. | gm. per cc. per hr. mg. per cc. 
1 | 1:300 | 392 0.950 3.3 288 
2 | 121,200 | 360 3.5 8.0 438 
3 | 1:5,000 301 | R.2 4.3 2,810 
4 | 1:10,000 | 20 | 78 | 49 3,630 
5 | 1:10,00 | 368 | 29.8 6.1 4,890 
6 | -1:10,000 442 | 35.8 | 4.8 7,460 
7 |} 1:20,000 | 303 | 492 | 2.3 21,400 
8 1:200,000 | 323 | 524.0 | 7.0 75,000 











of tissue. The second extraction was carried out with two-thirds the 
volume of the first extraction. In this way, 10.24 liters of solution were 
obtained. The enzyme activity and the protein content of this solution and 
of those obtained during the course of purification are recorded in Table I. 
lec. of this solution was able to split 0.95 gm. of acetylcholine per hour 
(Table I, Preparation 1). The total amount of solution prepared was then 
able to split 9.7 kilos of acetylcholine per hour. 1 mg. of protein of this 
solution could split 288 mg. of acetylcholine per hour. The activity of the 
preparation per unit of protein will be called Ap. In this instance Ap was 
consequently 288. 


Purification of Cholinesterase Solution 


First Step of Purification—Solid ammonium sulfate was added to the 
10.24 liters of solution in sufficient quantity to make the concentration of 
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ammonium sulfate 15 per cent. The precipitate formed was centrifuged 
and discarded, since it was known that at a concentration of 15 per cent 
ammonium sulfate only negligible amounts of cholinesterase are precipi- 
tated. To the supernatant solution was added solid ammonium sulfate 
to increase the concentration to 40 per cent. The precipitate was filtered 
by suction. The filter paper was comminuted and suspended in 1350 ce. 
of 5 per cent ammonium sulfate. The pH was adjusted to7.1. The paper 
was filtered off through gauze and washed first in 750 cc. of 5 per cent 
ammonium sulfate (pH 7.0) and then a second time in 400 cc. of 5 per cent 
ammonium sulfate. Each of these washings was then combined with the 
original solution. 

2.54 liters of solution were obtained in this way. 1 cc. was able to split 
3.5 gm. of acetylcholine per hour. The activity of the whole amount was 
8.9 kilos. The Ap was 438 (Table I, Preparation 2). The solution was 
centrifuged at 2000 r.p.m. for 13 minutes to remove the mucin-like 
substance floating in the solution. The enzyme activity was unaffected by 
this operation. About one-half of this solution, 1.25 liters, was precipitated 
by the addition of sufficient saturated ammonium sulfate to bring the con- 
centration up to 19 per cent. At this concentration of ammonium sulfate 
some loss of cholinesterase occurs, but, at the same time, much of the pro- 
tein is removed and a considerable degree of purification is obtained. The 
pH was adjusted to 5.82. The solution was left in the refrigerator over- 
night in order to allow the precipitate to digest and settle. The precipitate 
was centrifuged at 2000 r.p.m. in an anglehead centrifuge and washed first 
with 450 ce. and then with 300 cc. of 19 per cent ammonium sulfate (pH 
5.82). The washings were combined. The supernatant fluid and washings 
were precipitated separately at 29 per cent ammonium sulfate by the addi- 
tion of saturated ammonium sulfate (pH 5.62). Most of the enzyme is 
precipitated at this concentration of ammonium sulfate at the slightly acid 
pH used. 

The solution was then centrifuged at 2000 r.p.m. The supernatant was 
discarded. Three-fourths of the protein was dissolved in 113 cc. of 5 per 
cent ammonium sulfate (pH was adjusted to 7.3). The remaining fourth 
of the total protein was dissolved in 25 ce. of 0.1 m NaCl, 0.015 m MgCh, 
0.015 m phosphate buffer, pH 7.4, plus 5 cc. of 0.1 m Na,HPO,. This 
solution was dialyzed for 3 days. At the end of the dialysis 52 cc. of 
solution were obtained. 1 cc. of this solution was able to split 12.2 gm. 
of acetylcholine per hour. The activity of the whole amount was 634 
gm. of acetylcholine per hour. The Ap was 2810 (Table I, Preparation 
3). 
The remaining 1160 cc. of solution with an Ap of 438 were precipitated 
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successively at 19 and 29 per cent ammonium sulfate and treated in a 
manner similar to the previous fraction. The precipitate obtained at 29 
per cent was dissolved in 120 cc. of 5 per cent ammonium sulfate and 
combined with the corresponding solution of the first fraction in which 
three-fourths of the protein had been dissolved in 113 ce. of 5 per cent 
ammonium sulfate. The volume of the two solutions combined was 300 
ce., 1 ec. of which was capable of splitting 17.8 gm. of acetylcholine per 
hour. The activity of the whole volume was 5.3 kilos. Ap was 3630 
(Table I, Preparation 4). 

Second Step of Purification—This solution was precipitated with 19 per cent 
ammonium sulfate (pH 5.83). The precipitate was allowed to settle for 2 
hours, was centrifuged at 2000 r.p.M., and the precipitate discarded. To 
the supernatant was added saturated ammonium sulfate to 28 per cent 
(pH 5.57). The precipitate was centrifuged on the next day and dis- 
solved in 100 cc. of 5 per cent ammonium sulfate (pH 7.0). 148 cc. of a 
solution were obtained and were able to split 29.8 gm. of acetylcholine per 
hour per cc. The activity of the whole volume was 4.41 kilos. Ap was 4890 
(Table I, Preparation 5). 

40 cc. of this solution were precipitated at 28 per cent with saturated 
ammonium sulfate (pH 5.66). The precipitate was allowed to remain in 
the refrigerator overnight to settle and then centrifuged at 5000 r.p.m. for 
15 minutes. The precipitate was dissolved in 6 cc. of 0.1 m NaCl, 0.015 m 
MgCl,, 0.015 m phosphate buffer, pH 7.4, plus 6 cc. of 0.1 m Na,HPO,. 
17 ec. of this solution were dialyzed for 3 days. 19 cc. of a solution were 
obtained. 1 cc. of this solution was able to split 35.8 gm. of acetylcholine 
per hour. The activity of the whole volume was consequently 680 gm. 
Ap was 7460 (Table I, Preparation 6). 

Third Step of Purification—105 cc. of solution with Ap 4890 were precip- 
itated at 20.5 per cent ammonium sulfate and centrifuged at 5000 R.P.M. 
after 3 hours. The supernatant was saved and the precipitate was washed 
three times with 30 cc. of 20.5 per cent ammonium sulfate (pH 6.2). The 
supernatant and washings (kept separated from the supernatant) were 
precipitated at 27 per cent with saturated ammonium sulfate. The pre- 
cipitate was centrifuged at 3500 r.P.M. in the refrigerated centrifuge at 10°. 
The combined precipitates were dissolved in 35 cc. of 1 per cent ammonium 
sulfate. 

The above solution was then precipitated at 27 per cent with saturated 
ammonium sulfate (pH 5.61) and allowed to remain in the refrigerator for 
3hours. This was centrifuged in the cold centrifuge as above, and the 
precipitate dissolved in 7.5 cc. of 0.1 m NaCl, 0.015 m MgCh, 0.015 m 
phosphate buffer, pH 7.4, plus 7.5 cc. of 0.1 m Na,HPO,. The solution 
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was dialyzed for 3 days. This and the other dialyzed solutions were used 
for ultracentrifuge studies, which will be described elsewhere. 

28.5 ec. of solution were obtained. 1 cc. was able to split 49.2 gm. of 
acetylcholine per hour. The activity of the whole amount was 1.40 kilos, 
Ap was 21,400 (Table I, Preparation 7). 

Specificity Pattern ef Purified Cholinesterase—If the rates of hydrolysis of 
different esters by a solution of cholinesterase purified from electric tissue 
are tested, it is found that the same pattern is obtained as with the freshly 
prepared suspension (10). The highest Ap at which the pattern was pre- 
viously tested was 3000. It appeared of interest to see whether or not a 
still higher degree of purification affects the pattern observed earlier. In 
Table II the data obtained with preparations of an increasing degree of 


Tasie Il 
Specificity of Cholinesterase from Electric Tissue of Electrophorus electricus, Tested 
by Rate of Hydrolysis of Different Esters, in Course of Purification 
qx = the hydrolysis rate of Substrate z in per cent of that of acetylcholine. 
Pr = propionylcholine, Bu = butyrylcholine, Me = acetyl-8-methylcholine 
(mecholyl). gq of benzoylecholine, tributyrine, and methylbutyrate was always 0. 





qx 
Ap ACh split z = — . —— isinncaipaaienaie 
qPr qBu qMe 
c.mm. per hr. ; - 

270 335 97 l 22 
1,365 311 101 3 31 
2,500 320 109 l 18 

75,000 5S4 108 l 21 


purity are summarized. The solution with an Ap of 21,000 was an enzyme 
solution prepared by fractional ammonium sulfate precipitation, as de- 
scribed above. 

If an enzyme solution purified in this way is centrifuged at high speed, 
the enzyme is found in the pellet. One of the solutions obtained from a 
pellet suspension after ultracentrifugation at 48,000 R.p.M. was capable 
of splitting 525 gm. of acetylcholine per ec. per hour and had a protein 
content of only 6 to 7 mg. per ec., the Ap thus being at least 75,000. Since 
this solution appeared to have only one component in an analytical ultra- 
centrifuge run, it seems quite probable that this is virtually the pure enzyme 
and that the pattern found is consequently that of the pure cholinesterase 
of the material used. As can be seen from Table IT, all the solutions tested 
have a pattern virtually identical with that of the homogenized suspension. 
Consequently, the pattern found is that of the pure cholinesterase of the 


material used. 
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DISCUSSION 


The results described show that a high degree of purity of cholinesterase 
may be easily obtained by fractional ammonium sulfate precipitation once 
the mucin present in the electric tissue has been removed. A great part 
of the protein which is not cholinesterase protein may be precipitated by 
the ammonium sulfate up to a concentration of 21 per cent, whereas most 
of the enzyme protein remains in solution. Thereafter, ammonium sulfate 
at concentrations up to 27 per cent precipitates practically all of the cho- 
linesterase protein, leaving the other proteins in solution. If the original 
solution obtained after the removal of the mucin is precipitated with 
ammonium sulfate at 21 per cent, a great part of cholinesterase is pre- 
cipitated simultaneously and would be lost. Also, if the original solution 
is precipitated by ammonium sulfate at a concentration of 27 per cent, 
many other proteins would be precipitated simultaneously and the degree 
of purity obtained would be much lower. Moreover, part of the enzyme 
remains in solution and would be lost. The purification has therefore been 
carried out in several steps in order to avoid the large losses incurred by 
immediate precipitation at these concentrations. 

The precipitation with 40 per cent of ammonium sulfate and filtration 
of the precipitate in the first step were applied only after it had been re- 
peatedly found that centrifugation of the precipitate at this or slightly 
lower concentrations of ammonium sulfate was very difficult with the 
centrifuge available. It is possible that with a more efficient centrifuge 
than that used it would be feasible to separate the precipitate from the 
supernatant fluid. 

It is also important to observe the slight acidification described (pH 5.6 
to 5.9). At this pH precipitations are more complete. Stronger acidifi- 
cation, however, should be avoided, since the enzyme is apparently sensitive 
to greater pH changes. 

Ina freshly prepared homogenized suspension of electric tissue of Electro- 
phorus electricus, 1 mg. of protein splits about 50 to 100 mg. of acetylcholine 
perhour (Ap = 50 to 100). Since the Ap rises up to more than 20,000 by 
fractional ammonium sulfate precipitation, a 200- to 400-fold purification 
has been obtained. An Ap of 20,000 means that in spite of the extra- 
ordinarily high concentration of cholinesterase in electric tissue and in 
site of its low protein content, the enzyme forms less than 0.5 per cent 
of the tissue protein. But even this figure is much too high. By high 
seed centrifugation, the enzyme protein may be further separated from 
other proteins, indicating that the enzyme protein forms less than 1 per 
thousand of the total. 

Since the amount of enzyme protein is so small in the electric organ, 
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the high speed of acetylcholine hydrolysis suggests the possibility of g 
great efficiency of the enzyme system. Experiments with high speed 
centrifugation carried out in collaboration with Dr. Kurt G. Stern, which 
will be described in a separate paper, indicate that the molecular weight 
of the enzyme is in the neighborhood of 3 million and that its turnover 
number is approximately 20 million per minute. Thus, | enzyme molecule 
seems to be able to split 1 molecule of acetylcholine in 3 to 4 millionths of g 
second. If these results can be confirmed by the investigations still ip 
progress, they would be noteworthy not only from a purely biochemical 
view. In the face of the assumption that the release and removal of acetyl- 
choline are associated directly with the electrical manifestations of the 
surface membrane in nerve and muscle, the high potential rate of acetyl- 
choline inactivation is of considerable physiological interest. 


SUMMARY 


A method is described by which a highly purified solution of cholin- 
esterase is obtained from the electric organ of Electrophorus electricus, 
The mucin present in the organ is removed and fractional ammonium 
sulfate precipitation is used in carrying out the separations. 

In a concentration of ammonium sulfate up to 21 per cent, the enzyme 
protein remains in solution, whereas many other proteins are precipitated 
and may thus be removed. By precipitation with ammonium sulfate at a 
concentration of 27 per cent, the cholinesterase is nearly completely precip- 
itated, whereas other proteins remain in solution at that concentration. 
In this way, an enzyme solution may be obtained in which 1 mg. of protein 
splits 20,000 to 21,000 mg. of acetylcholine per hour. Since in a freshly 
homogenized suspension of the tissue used 1 mg. of protein splits 50 to 100 
mg. of acetylcholine, the preparation obtained represents a 200- to 400-fold 
purification. The precipitations with ammonium sulfate have to be 
carried out in several steps. 

A further separation of inactive protein from the enzyme protein may be 
obtained by high speed centrifugation. 

The pattern obtained by testing the rate of hydrolysis of different esters 
is typical for cholinesterase and remains unchanged throughout the whole 
process of purification. It is still the same if a higher degree of purification 
is obtained by high speed centrifugation. Thus, the esterase present in 
electric tissue seems to be exclusively cholinesterase. 
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THE PHOSPHORUS-CONTAINING LIPIDES OF THE CARROT* 
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The early literature dealing with plant phospholipides was reviewed in 
1930 by Thierfelder and Klenk (1) and, with the exception of a few of the 
most recent papers (2-5), the work in this field was summarized in 1941 
by Working and Andrews (6). The difficulties in isolating and purifying 
plant phospholipides and in freeing them of sugars, amino acids, etc., are 
brought out in these reviews. Such difficulties are particularly evident in 
plants like the carrot (7-13) that are high in water and low in lipide content. 

The present report deals with the chemical characteristics of the phos- 
phorus-containing lipides of the carrot. Two types are described, differing 
primarily in their choline and nitrogen contents. One type, obtained from 
the raw carrot, was low in nitrogen and low in, or devoid of, choline. The 
other, obtained from steam-treated carrots, was higher in its nitrogen and 
choline content. 


EXPERIMENTAL 


Isolation of Phospholipides from Carrot 


The carrots used throughout were obtained from the University farm 
at Davis' or were purchased in the open market. They were cleaned, 
scraped, and ground. The ground material was then treated with various 
solvents, as described below. 

Two extraction procedures were used; these differed essentially in the 
temperature at which the extraction was carried out and in the type of 
solvent employed. In the first the raw carrots were extracted with an 
alcohol-ether mixture at 55-60°. In the second a slush was first made of 
ground carrots with ethyl ether and the mixture was frozen at —25°. 
This served to rupture the cell membranes, the lipides freed by this pro- 
cedure being dissolved in ethyl ether. 

1. Extraction of Raw Carrot at 55-60°—15 kilos of fresh carrots were 
transferred in portions to round bottom flasks. A sufficient amount of a 
3:1 aleohol-ether mixture was added to give a ratio of 3 cc. of solvent per 


* The subject matter of this paper was undertaken in cooperation with the Com- 
mittee on Food Research of the Quartermaster Food and Container Institute for the 
Armed Forces. The opinions or conclusions contained in this report are those of the 
authors. They are not to be construed as necessarily reflecting the views or indorse- 
ment of the War Department. 

' Kindly supplied by Dr. T. E. Weier and Dr. R. Stocking. 
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gm. of carrot. The mixture was then refluxed for 18 to 24 hours at 55-60°. 
The solvent was decanted and filtered. The carrot residue obtained after 
this extraction was subjected to another treatment with 3:1 alcohol-ether 
and both extracts combined. It was then concentrated at 55-60° to g 
small volume (about 10 to 100 cc., depending on the water content) under 
reduced pressure (40 to 60 mm. of Hg) in an atmosphere of CO. The 
concentrated material was then reextracted with several volumes of distilled 
petroleum ether (b.p. 30-60°) and the combined petroleum ether extracts 
reduced to a volume of about 10 cc. under reduced pressure in an atmos- 
phere of CO». To the concentrate so obtained 2 to 3 volumes of acetone 
were then added, and this was followed by the addition of several drops of a 
saturated solution of MgCl, in absolute alcohol. The precipitate that 
formed was washed repeatedly with acetone and then dissolved in a small 
volume of moist freshly distilled ethyl ether. The precipitation procedure 
with acetone and MgCl, was repeated and the precipitate obtained was 
again dissolved in moist ethyl ether. 

2. Extraction of Raw Carrots at Low Temperature—5 kilos of fresh raw 
carrots were ground and portions transferred to a round bottom flask. A 
sufficient amount of freshly distilled ethyl ether was added to give a ratio 
of 3 cc. of solvent per gm. of carrots and the slush intimately mixed by 
swirling. It was then frozen by immersion in an alcohol-solid CO, bath 
(below —25°). The frozen mass plus ether supernatant was then placed 
in a 5° room for 6 hours and allowed to melt. At the end of this period the 
ether supernatant was decanted, fresh ether was added to the residue, and 
the freezing procedure was repeated. The combined ether extracts were 
then concentrated and the residue taken up in petroleum ether. The 
isolation of the phospholipides by precipitation with acetone and MgC\,, as 
described in Section 1 preceding, was then carried out. 

8. Extraction of Steam-Treated, Dehydrated Carrots at 55-60°—Freshly 
scraped carrots were cut into slices } inch thick, placed on wire trays, and 
immediately thereafter exposed in a preheated steam box to live steam for 
5 minutes. The slices were then dehydrated at 60° for 10 to12hours. The 
final material contained less than 10 per cent water. 

In order to extract lipides from the dehydrated carrots, it was found 
necessary to rehydrate them. When the dried material was refluxed 
with alcohol-ether mixtures, ethyl ether, or petroleum ether, no measurable 
amounts of a lipide substance were extracted. 

The dehydrated material was mixed with enough distilled water to 
bring its water content to 20 per cent. The uptake of water was complete 
in 2to3 hours. The rehydrated carrots were first finely ground and then 
extracted four times with a 3:1 alcohol-ether mixture. The extracts were 
combined and the phospholipides isolated after the manner described in 
Section 1. 
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4. Extraction of Steam-Treated Carrots at 55-60°—Freshly scraped 
carrots were sliced and steam treated for 5 minutes. As soon as the slices 
were cool enough to handle, they were finely ground and extracted exactly 
as described in Section 1. 


Test of Extraction Procedure 


In order to determine the extent to which the phosphorus-containing 


TABLE I 


Extraction of Phosphorus-Containing Compounds from Raw and Steam-Treated, 
Dehydrated Carrots 




















Alcohol-ether-soluble P Petroleum ether-soluble P 
Fraction No. | a Total 
Total P* petroleum | Total P* 
soluble P 
mg. per cent mg. per cent per cent 
I. 1000 gm., raw | I 540 85 20 59 3.0 
a 90 | 14 12 35 2.0 
| Ul 4 1 2 6 0.3 
Il. 250 gm.steam- | I | 270 64 15 23 | 4.0 
treated, dehy- | II a ee» 4 7 | 1.0 
drated | it | 4 | 38 4 7 1.0 
_— | = ts 14 23 3.0 
| vw | & i 8 22 37 5.0 
| VI | 10 | 2 1 2 0.5 














* The total phosphorus of the carrot was found to be alcohol-ether-soluble. The 
residue obtained after the last extraction contained no significant amounts of 


phosphorus. 
t Carrot residue from Extraction III rehydrated to 20 per cent water, then 


extracted. 
t Carrot residue from Extraction IV was ground and then extracted. 


lipides can be removed from the raw and dehydrated carrots, the following 
tests were carried out. 

Three successive alcohol-ether (3:1) extracts of the raw carrots were 
prepared after the manner described in Section 1 above. The total phos- 
phorus content and the portion of this phosphorus soluble in petroleum 
ether were determined in each of these three extracts. Phosphorus was 
determined by King’s method (14). The results are recorded in Table I. 

The raw carrots used here contained phosphorus to the extent of 0.65 
per cent of their dry weight, 99 per cent of which was soluble in a 3:1 al- 
cohol-ether mixture. The residue obtained after the three successive 
extractions described above contained about 0.5 per cent of the initial 
amount of phosphorus present in the raw carrot. In addition, saponifi- 
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cation of this residue yielded less than 0.05 per cent “‘lipide” material. 
These results leave little doubt of the completeness of the extraction pro- 
cedure used for the raw carrot. 

A small amount of the raw carrot phosphorus extracted by a 3:1 alcohol- 
ether mixture is soluble in petroleum ether. It amounted to about 5 
per cent of the total phosphorus contained in the carrot or about 0.05 per 
cent of the dry weight of the carrot. 

Since it could not be assumed that heat treatment had not altered the 
solubility properties of the carrot lipides, the extraction procedure was also 
tested in the steam-treated dehydrated carrots. Dehydrated carrot 
chips were rehydrated to bring their water content to about 20 per cent, 
and then extracted with 3:1 aleohol-ether. Six successive alcohol-ether 
extractions were made, as described above, each succeeding extraction 
being made on the carrot residue from the previous extraction. These 
aleohol-ether extracts have been designated Extractions I to VI in Table I. 
After Extraction III, the residue was rehydrated to bring its water 
content to 20 per cent and the extraction continued. The residue from 
Extraction IV was ground before proceeding with the next extraction. The 
phosphorus content was determined on each alcohol-ether extract and on 
each petroleum ether extract prepared from them. The values are re- 
corded in Table I. 

The results obtained show that the extraction procedure used for the 
steam-treated dehydrated carrot is satisfactory for the removal of phos- 
phorus-containing lipides. The residue that remained after six alcohol- 
ether extractions contained about 2 per cent of the total phosphorus present 
in the fresh carrot. Less than 0.1 per cent saponifiable material was found 
in this residue, and this consisted largely of coloring matter. 

It is again evident that the phosphorus of the carrot soluble in petroleum 
ether is small in amount. About 0.5 per cent of the dry weight of the 
carrot was phosphorus, which was completely soluble in 3:1 alcohol-ether. 
But the phosphorus soluble in petroleum ether amounted to only about 
0.07 per cent of its dry weight. 

The amounts of petroleum ether-soluble, acetone-insoluble phosphorus 
(i.e., phospholipide) found in the various batches studied are recorded in 
Table II. The percentages varied from 0.1 to 0.6 per cent of the dry weight 
of the carrot. 


Characteristics and Composition of Petroleum Ether-Soluble, Acetone- 
Insoluble Lipides of Carrot 


More than 90 per cent of the petroleum ether-soluble phosphorus ob- 
tained from both raw and dehydrated carrots was precipitated by acetone 
and MgCl. Four reprecipitations failed to alter its phosphorus content. 
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The isolated phospholipide was an amorphous, almost pasty substance 
that was quite soluble in petroleum ether, ethyl ether, and chloroform; it 
was insoluble in acetone and only slightly soluble in absolute or 95 per cent 
alcohol. The phospholipide obtained from the dehydrated carrot was 
readily emulsifiable by water; that obtained from the raw carrot was not. 

The composition of the various phospholipides extracted from carrots 
is shown in Table III. Choline was determined by Glick’s method (15), 
total nitrogen by the micro-Kjeldahl method, and iodine numbers by the 
Hanus method (16). The total glycerophosphorie acid content and the 
amounts of its a and 8 isomers were determined by Burmaster’s procedure 
(17). The fatty acid content was obtained as follows: the sample was 
saponified with 0.5 N alcoholic alkali, the unsaponifiable matter extracted 
with ethyl or petroleum ether, and the soaps acidified and extracted with 


TABLE II 
Content of Phosphorus-Containing Lipides in Raw and Steam-Treated Carrots 


All values are expressed as per cent of dry weight. 


























ee | Steam-treated Steam-treated, 
Raw carrot pe ae dehydrated ee 
Low temperature Extraction at 55-60° } Extraction at war at 
extraction 
Batch A Batch B. | Batch C Batch D Batch ED Batch E ‘<7. Batch F 
02 | o2 | O38 0.4 | 0.5 | 0.6 | 0.4 





ethyl or petroleum ether; the fatty acids were then dried at 70° in vacuo for 
1 to 2 hours and weighed. 

The difference in the nitrogen content of the raw and steam-treated 
material was not anticipated but, as may be deduced from Table III, can 
be accounted for, within 10 per cent, by the difference in the choline 
contents of the two fractions. The phosphorus-containing lipides obtained 
from the raw carrots were devoid of, or low in, choline. As was to be ex- 
pected, therefore, the molal ratios of nitrogen to phosphorus were much 
lower for the phosphorus-containing lipides obtained from the raw than 
from the dehydrated carrot. As shown by a study of iodine numbers, 
dehydration of the carrots before their extraction reduced the unsaturated 
fatty acid content of the phospholipides. The degree to which the raw 
carrot was divided before its extraction did not influence the composition of 
the phosphorus-containing lipides isolated. 

It was noted that a sugary material was associated with the phospholipide 
fraction of the dehydrated carrot which was not observed in the raw carrot. 
This sugary material was intimately associated with the fatty acid fraction 
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of the phospholipide and was extracted with the fatty acids. So far it has 
not been possible to purify this substance sufficiently for identification. 
The impure material, however, gave qualitative tests (Molisch, Fehling) 
for a carbohydrate. It also formed an osazone, which had a crystalline 
form similar to glucosazone. Owing to difficulty in purification of the 
small quantity of osazone involved, a satisfactory melting point was not 
obtained. 


TaB_LeE III 


Composition of Phosphorus-Containing Lipides Isolated from Raw and 
Steam-Treated Carrot 


—- —————$____ " 
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| F | | ee 
Bopeh | Bosch | a = | <> | Batch E* | Batch F 











_ . * Seer | 58 





| 59 | 60 | 58 | 66 63 =| sO 
Phosphorus, %.. sees 4.4) 5.2] 3.5 | 3.0 | 3.7 | 332 i 2 
Nitrogen, % sian | 0.43) 0.33) 0.64) 0.42) 0.72) 1.3 1.1 
Choline, %.... 0 | 0 } 0 | O | 0.52) 4.4 4.2 
N:P, molal ratio ......} 0.21) 0.14) 0.40) 0.31) 0.58) 0.89 0.89 
Choline:P, molal ratio........ 0 | 0 | 0 | 0 | 0.05 0.35 | 0.38 
Glycerophosphoric acid, %.. .| | 11.6 | 11.0 | 15.3 | 17.0 13.5 
ia es innceoigesths al }35 | at 44 
B-, %. 65 | 66 | 56 
Iodine No. tbe, | 86.0 | 90.0 |196 [144 | 50 | 5s 38 


| 





* These represent a uniform lot of carrots that were analyzed at the same time by 
these two procedures. 


DISCUSSION 
It is significant that the concentration of phosphorus, nitrogen, and 
fatty acids is lower in the petroleum ether-soluble, acetone-insoluble fraction 
prepared from carrots than in identically prepared fractions (phospholip- 
ides) isolated from animal tissues.2 Since the petroleum ether-soluble, 
acetone-insoluble fraction isolated from steam-treated carrots contains 
fatty acids, glycerophosphoric acid, and choline, and since, moreover, 
its molal ratio of nitrogen to phosphorus is close to unity, this fraction may 
also be considered a phospholipide. The sugary material found as- 
sociated with the phospholipide of the dehydrated carrot either as a con- 
taminant or as an integral part of the molecule accounts, in part at least, 
for its low content of nitrogen, phosphorus, and fatty acids. 


? Phospholipides obtained from animal tissues contain about 4 per cent phos- 
phorus, 2.2 per cent nitrogen, and about 70 per cent fatty acids. 
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Judging from the molal ratios of nitrogen to phosphorus, or of choline to 
phosphorus, recorded in Table III, the phosphorus-containing lipide iso- 
lated from raw carrots is not a typical lecithin or cephalin or sphingomyelin 
or a mixture of these three phospholipides. The low nitrogen content 
and in particular the low content of choline in the fraction obtained from 
raw carrots suggest its similarity to compounds like the phosphatidic acids 
which have been obtained from oat seeds by Trier (18) and from cabbage 
leaves by Chibnall and Channon (19). The presence of small amounts of 
phosphatidic acids might explain the observed molal ratios of nitrogen 
to phosphorus of 0.89 for the fractions obtained from steam-treated carrots. 

In attempting to explain the isolation of two distinct types of phospho- 
lipides from the carrot, it is necessary to point out that the phospholipide 
with the higher choline content was isolated from carrots that had been ex- 
posed to the temperature of live steam before they were subjected to 
grinding and prolonged treatment with solvents at 55-60°. It is therefore 
reasonable to assume that the one with the higher choline content is the 
naturally occurring phospholipide of the carrot and that enzymatic sepa- 
ration of its choline during the grinding and prolonged extraction procedure 
accounts for the phospholipide being devoid of, or low in, choline. Hence 
it is postulated that there exists in the raw carrot an enzyme, probably a 
lecithinase, capable of splitting choline from phospholipides. 


The suggestions of Dr. C. Entenman and Dr. Gordon Mackinney in the 
preparation of this manuscript are gratefully acknowledged. 


SUMMARY 


1. The isolation, characteristics, and composition of phosphorus-con- 
taining lipides from raw and steam-treated carrots are described. It is 
shown that phosphorus-containing lipides can be completely extracted from 
carrots with alcohol-ether mixtures. 

2. The phosphorus-containing lipide isolated from the raw carrot was 
characterized by a low nitrogen content and by an absence or low content 
of choline; that isolated from the steam-treated carrot was higher in its 
choline and nitrogen content. 

3. An explanation of the isolation of the two types of phosphorus-con- 
taining lipides from carrots is presented. It is postulated that the raw 
carrot contains an enzyme, probably a lecithinase, able to split choline 
from phospholipides. 
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ALLOXAN STUDIES: THE ACTION OF ALLOXAN HOMOLOGUES 
AND RELATED COMPOUNDS 
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(From the Section of Pharmacology, The Hebrew University and Hadassah, 
Jerusalem, Palestine) 
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The mechanism by which alloxan destroys the insulin-producing pan- 
creatic islet cells, thus causing diabetes, has so far remained obscure. One 
approach to this question is the determination of the chemical specificity 
of the effect. Earlier studies (1, 2), involving a small number of rather 
randomly selected compounds, failed to disclose any new actiye agents. 
2 years ago, an investigation of a larger series of alloxan homologues and 
related compounds was begun at this laboratory. It could be shown (3) 
that, in addition to alloxan, methylalloxan and the corresponding alloxan- 
tins and dialuric acids are diabetogenic; some of these findings have since 
been confirmed independently by Laszt (4) and Hidy (5). The full report 
of our study which now comprises twenty-nine compounds, among them a 
number of new alloxan homologues, is herewith submitted, together with an 
investigation of the possible réle in the production of diabetes of two 
characteristic reactions of alloxan, amino acid and glutathione oxidation. 


EXPERIMENTAL 
Methods 


Preparation of Compounds—Previously published methods have been 
followed as indicated, sometimes with slight modifications. The purity 
of the preparations was checked by their melting points, and in some cases 
also by nitrogen analysis. The synthesis of the new compounds propyl-, 
butyl-, isobutyl-, phenyl-, and benzylalloxan and of their intermediates 
will be described elsewhere.! 

Testing of Compounds—Male white rats, weighing between 80 and 130 
gm. were used; they were fed on whole wheat with ample additions of 
vegetables and occasional supplement of bread and bran. The substances 
tested were injected intravenously, usually in the form of a freshly pre- 
pared 1 per cent solution. On the basis of experience with nearly 400 al- 
loxan-treated rats, the following method of interpretation of the results 
has been adopted. A rat was considered to be strongly diabetic if full 
glucosuria (more than 1 per cent glucose) occurred within 24 hours after in- 


'Briickmann, G., and Isaacs, S. D., to be published. 
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jection and persisted for at least 3 days. Rats in which the onset of glu. 
cosuria was delayed (sometimes up to 5 days) or in which it subsided within 
less than 3 days were regarded as slightly diabetic. Only seldom wer 
dubious cases seen, i.e. rats which excreted less than | per cent glucose for 
1 or 2 days; these are discussed individually. When necessary, additional 
information was obtained by observation of blood sugar (Somogyi (6)), 
urine ketone, urine volume, body weight, and temperature. 

As a quantitative measure of the potency of some of the diabetogenic 
compounds the dose which caused diabetes in 50 per cent of the animals 
(effective dose, EDs) was calculated according to established statistical 
methods (7). Details of this calculation will be reported separately. 


Results 
RN—CO 


| | 

Alloran and Mono-N-Substituted Alloxans,? . CO 
| 

HN—CO 


Alloxan; Prepared from Uric Acid (8)—The EDso, as determined in 125 
rats, was 45 mg. (0.28 mm) per kilo, with the lowest observed active dose 
of 30 mg. per kilo. Signs of acute toxicity, as described in detail under 
ethylalloxan, appeared following injection of 150 or more mg. per kilo. 
Doses above 350 mg. per kilo proved lethal within 4 hours. Severe uremia 
and occasionally albuminuria were observed with 70 mg. per kilo and above. 

Methylalloran; Prepared from Theobromine (9)—The ED spo in 51 rats was 
53 mg. (0.30 mM) per kilo, and the lowest observed active dose 40 mg. per 
kilo. As with alloxan, severe cases of diabetes with extreme hyperglycemia, 
ketonuria, and death in diabetic coma were encountered, but the lower 
doses caused a higher incidence of transitory diabetes (less than 3 days 
duration) as compared with alloxan.* Early toxic symptoms first began 
to appear with 70 mg. per kilo; doses over 200 mg. per kilo caused death 
within 4 hours. Uremia and albuminuria were observed in many cases. 

Ethylalloxan; Prepared according to Biilmann and Klit (10) and Biltz and 
Sedlatschek (11)—Of forty rats, injected with 50 to 130 mg. per kilo, 
fourteen became diabetic. The EDs. was 67 mg. (0.355 mm) per kilo, the 
lowest observed active dose 60 mg. per kilo. Early signs of acute toxicity 
appeared at a dose of 50 mg. per kilo, as follows: 

About 1 minute after injection, usually after a transient excitation period, 
a characteristic syndrome with lacrimation, salivation, nasal discharge, 








? In alloxan the R in the formula is H. 
? Briickmann, G., to be published. 
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heavy respiration, and frequent gasping for air becomes apparent. During 
the next minutes the symptoms increase in severity, the animal lying on its 
side with closed eyes and appearing ill and weak. Defecation and a slowed 
heart rate are frequent. In recovery, the symptoms subside within an 
hour or so; if no recovery is made, death with signs of cyanosis and asphyxia 
ensues. In postmortem examinations of animals which died within 24 
hours after injection, profuse pulmonary edema and severe hemorrhage in 
the lungs were found in almost every case. It would appear, therefore, that 
damage to the lung capillaries accounts largely for the syndrome so far 
described. Other macroscopic observations are general cyanosis, distended 
stomach, and the presence of bilirubin in the intestines, which are frequently 
yellow in color. 

The same acute symptoms, in varying degrees of intensity, were observed 
with all members of the alloxan series and will be referred to subsequently 
as “early symptoms.” 

The higher doses usually caused death before severe diabetes could 
develop, so that on the whole ethylalloxan diabetes appeared milder than 
that produced by alloxan. Kidney damage, too, seemed to be less pro- 
nounced than with alloxan. 

Propylallocan'\—Preliminary trials with this substance showed it to be 
highly toxic, and it seemed unlikely that a diabetogenic dose would be 
survived. Severe early symptoms were seen with 45 mg. per kilo; 70 mg. 
caused death within 24 hours. Use was therefore made of the recently 
discovered, apparently specific, potentiating action of ammonium salts on 
the diabetogenic action of alloxan. It had been found by us* that simul- 
taneous injection of alloxan with ammonium salts decreased the EDs» to 
about 50 per cent. Consequently, thirteen of the fifteen rats which were 
injected with doses of propylalloxan ranging from 45 to 70 mg. per kilo 
received simultaneously 100 mg. per kilo of ammonium chloride. By this 
device it became possible to produce diabetes in three rats, as follows: 
Rat 1, glucosuria (about 2 per cent); blood sugar 490 mg. per cent; died 2 
days after injection. Rat 2, observed 15 days; slight transient diabetes; 
little urine voided; 1.5 per cent glucose in one sample; blood sugar 276, 
215, and 160 mg. per cent on the 2nd, 4th, and 5th days respectively ; there- 
after normal ; glucose tolerance on the 3rd day decreased. Rat 3, observed 
20 days; 10 days heavy glucosuria with polyuria, but no ketonuria; blood 
sugar 200 and 430 mg. per cent; diabetes subsided thereafter. Albumi- 
nuria and moderate uremia were observed in several rats. 

Butylalloran'—The toxicity of this compound seemed to be even higher 
than that of propylalloxan, and ammonium chloride was therefore again used 
in order to potentiate any possible diabetogenic effect. Twenty-three rats 
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received doses from 45 to 78 mg. per kilo, mostly with ammonium chloride 
Eleven survived for more than | day, but none developed clear cut diabetes, 
One died after 24 hours with a terminal blood sugar of 300 mg. per cent and 
slight glucosuria. Terminal blood sugar values must, however, be in. 
terpreted with great caution, since they are frequently elevated by un. 
specific factors. One rat survived over 15 days and excreted during the 
first 3 days urine with small amounts (0.5 to 1.0 per cent) of glucose. This 
case is suspicious of slight diabetes. Uremia, albuminuria, and anurig 
were observed. 

Isobutylalloran'—The iso compound appeared to be somewhat less toxic 
than the n isomer, but again no clear cut diabetes could be produced. Nine 
rats were given 45 to 100 mg. per kilo; three of them received simulta- 
neously ammonium chloride. Six survived for over 1 day. One had 4 
blood sugar (single examination) of 200 mg. per cent, but no glucosuria, 
another slight glucosuria (0.5 to 1.0 per cent) for 2 days, and 200 mg. per 
cent of blood sugar. As in the case of butylalloxan, the possibility exists 
that this compound causes slight impairment of carbohydrate metabolism, 
but no complete necrosis of the islet cells which would result in the develop- 
ment of true diabetes. 

Phenylalloran'—By introduction of the phenyl group a practically non- 
toxic compound was obtained, which was even less toxic than alloxan itself. 
Early symptoms appeared only with 300 mg. per kilo, and doses up to 
500 mg. per kilo were tolerated for more than 1 day. Of thirteen rats 
which received between 120 and 600 mg. per kilo (together with am- 
monium chloride in seven) none showed signs of diabetes, but a few had 
slight uremia. 

Benzylalloran'—This substance was about as toxic as ethylalloxan. 
Thirteen of nineteen animals injected with 50 to 100 mg. per kilo (part 
of them with NH,Cl) survived for more than 24 hours. As in the case 
of phenylalloxan, no dubious diabetes was encountered; therefore it seems 
safe to conclude that this compound is non-diabetogenic in the dosages 
tried. Moderate uremia and albuminuria were again present. 


RN—CO 

Di-N-Substituted Alloxans, ( , ; d O 

RN—Co 
Dimethylalloxan; Prepared from Caffeine (9)—Thirty rats received from 
40 to 250 mg. per kilo; a few of them ammonium chloride, simultaneously. 


As already reported (3), the compound is very toxic; initial symptoms ap- 
peared with the lowest doses, and only ten of the animals survived doses up 
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to 80 mg. per kilo for more than 1 day. None of them showed signs of 
diabetes. Kidney damage, on the other hand, seemed to be more pro- 
nounced than with the monosubstituted alloxans, since each of six rats 
examined had severe uremia and frequent albuminuria. Dimethylalloxan 
js non-diabetogenic also by the subcutaneous route, as has recently been re- 
ported by Hidy (5). We found the substance also very toxic for cats, 
rabbits, and mice. 

Methylethylalloran; Prepared according to Biilmann and Berg (12)—Of 
nine rats injected with 50 to 90 mg. per kilo, together with ammonium 
chloride, only two survived; they showed no signs of diabetes. The early 
symptoms and kidney damage were similar to those observed with di- 
methylalloxan. 

Methylpropylallocan—This was prepared from the previously known 
dimethyldipropylalloxantin (13) by oxidation with nitric acid; m.p. 92°, 
easily soluble in water. On injection it proved to be the most toxic of this 
group. Of eleven rats given doses up to 60 mg. per kilo (with NH,Cl) 
five survived, but did not become diabetic. As in the case of the other 
disubstituted alloxans, severe uremia developed in rats which died more 
than 24 hours after injection. 


RN—CO 
soe Te | LA 
Dialuric Acids, oc C 

| | ‘OH 

RN—CO 


Dialuric Acid; Prepared according to Biltz and Damm (14)—As already 
reported (3), we had no difficulty in eliciting diabetes with this substance 
at dosages from 50 to 150 mg. per kilo. In the first experiments solutions 
were prepared simply by heating the substance in water. Attention has 
been drawn, however, to the high autoxidizability of dialuric acid (15), and 
Lazarow has expressed the view that our positive results might have been 
due to the presence of alloxan formed by autoxidation of dialuric acid (16). 
We have therefore repeated the tests, using this time air-free water under 
an atmosphere of COs, as advocated by Archibald (15). In addition, 
dialuric acid and alloxan were determined in the solutions by Archibald’s 
method (reduction of phosphotungstic acid without and with the addition 
of potassium cyanide) before and after injection. In four of six rats given 
doses of 60 to 70 mg. per kilo typical diabetes, sometimes with ketonuria, 
developed. Since the alloxan content of the solutions corresponded to only 
about 20 mg. per kilo, an amount which does not in itself cause diabetes, 
there can be no doubt that the active agent is dialuric acid. Dialuric acid 


‘In dialuric acid the two R groups are hydrogen atoms. 
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diabetes has also been produced recently by Laszt (4); previous workers, 
on the other hand, reported negative results with this substance (1, 2), 

The following observation makes it seem probable that injected dialurie 
acid is quickly oxidized in vivo to alloxan, and suggests that positive tests 
with this substance do not bear on the specificity of the alloxan effect. Blood 
drawn immediately after injection appeared very dark, and showed on 
spectroscopic examination increased amounts of reduced hemoglobin, 
In vitro, the spectrum of oxyhemoglobin disappeared almost instantly when 
hemolyzed blood was incubated with dialuric acid. 

Monomethyldialuric Acid; Prepared according to Biltz and Damm (14)— 
Since this substance is easily soluble in cold water, the risk of autoxidation 
is smaller than in the case of dialuric acid. Four rats were injected with 
doses from 40 to 130 mg. per kilo, and two of them developed typical 
diabetes. As with dialuric acid, reduction of oxyhemoglobin was observed 
in blood samples. Again, therefore, the actual diabetogenic agent seems 
to be formed through oxidation of methyldialuric acid to methylalloxan 
by blood hemoglobin. 

Dimethyldialuric Acid; Prepared according to Biltz and Damm (14)—We 
failed to isdlate the very unstable free acid, and the more stable sodium 
salt was therefore used. The physiological properties of this substance 
seem to be identical with those of dimethylalloxan; diabetes was not pro- 
duced in any of seven rats which received from 50 to 80 mg. per kilo. 
Again, hemoglobin was readily reduced both in vitro and in vivo. 


(H or as mY OH H CO—N(H or R) 


NE J 
Allozxantins, oc C—Oo—C CO 


boll A. 
HN—CO CO—NH 


Since alloxantins are known to dissociate in aqueous solutions into ale 
loxans and dialurie acids (17), each diabetogenic, it is to be expected that 
these substances will have the same effect as the alloxans. This proved to 
be the case with alloxantin, dimethyl- and diethylalloxantin, which ap- 
peared physiologically identical with the corresponding alloxans, and like 
the latter produced diabetes. Therefore details need not be given; the 
methods of preparation have been cited (see the corresponding alloxans). 
Goldner and Gomori (1) reported alloxantin to be inactive, but Koref et al. 
(18) found it to be diabetogenic in rabbits. 


Substitutions in Cs Position in Alloxan Molecule 


The most reactive group in the molecule is the central CO group, or 
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OH 


more correctly its hydrated form C . Results of previous investiga- 


IN 
OH 


tions have indicated that substitution in this position abolishes the physio- 


| 
logical ‘activity of alloxan. Barbituric acid, CHe, violuric acid, C—NOH, 


| | 
H 


and uramil, C , have been found inactive (1,2). We have now confirmed 


NH: 
these findings by intravenous tests on rats. Since uramil is only sparingly 
soluble, the more soluble N-methyluramil (14) was tried, but gave no better 
results. Even a minor modification of the structure, such as the esterifi- 
cation of one OH group, as in benzoyl-N-methyldialuric acid 


H 


C 
IN 
<> 
prepared according to Nightingale (19), rendered the compound inactive. 


Compounds Giving Strecker Reaction 


Ability to decarboxylate and desaminate a-amino acids, with subsequent 
formation of an aldehyde with 1 less carbon atom, is one of the better 
known properties of alloxan. This reaction, which is named after its 
discoverer Strecker (20), is also given by a number of compounds which are 
structurally related to alloxan. Investigation of this group was therefore 
deemed of interest. 
7 + COL 

PCO—Fourteen rats were injected with doses 
. 7-CO 
ranging from 30 to 120 mg. per kilo. The high acute toxicity of ninhydrin, 
which had been observed by its discoverer Ruhemann (21), could be lowered 
by slowing up the injection rate. Doses up to 60 mg. per kilo, given in 
this way, were tolerated for more than 2 days. The early symptoms re- 
sembled those produced by the more toxic alloxans, and pulmonary edema 
was found at autopsy; kidney damage, however, as judged by albuminuria 
and uremia, was less pronounced than in the alloxan series. As has al- 
ready been reported (3), ninhydrin did not cause diabetes. Hidy (5), 


Ninhydrin, 
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who administered the substance intraperitoneally, has recently confirmed 
this finding. 
C S—-coa, 

1 ,8-Mesoxalylnaphthalene >= »>CO—This compound proved 
&¥ p Co 
less toxic than ninhydrin, but was slightly soluble, and no more than 50 
mg. per kilo could be injected. The substance gave a very intense Strecker 
reaction, perhaps more so even than ninhydrin, but failed to produce 
diabetes, even on repeated injection. 

7 CO 
[satin, | eo -Because of the high insolubility of isatin, 
\ — 
only a few injections with ovcrsaturated solutions succeeded. Doses of 
50 to 80 mg. per kilo produced neither diabetes nor toxic symptoms. 


O 
5, O 
AN O 
1 ,2-Naphthoquinone-4-sulfonic Acid (Sodium Salt), | 1 
' YY 


SO;Na 

This was the only substance outside the alloxan series which produced 
some disturbance in carbohydrate metabolism. Unfortunately, the 
toxicity of the compound is considerable, and doses higher than 150 mg. 
per kilo were not tolerated for more than 1 day. Lung and kidney dam- 
age, as judged by the presence of pulmonary edema and uremia, were 
prominent. ‘Twenty-nine rats were injected with from 80 to 180 mg. per 
kilo; sixteen of them received ammonium chloride simultaneously. Of 
the entire group, twenty survived the Ist day. The chief early symptom 
was respiratory trouble, associated with severe cyanosis. The blood 
became dark brown and remained so for days. Spectroscopic examination 
showed the presence of methemoglobin; this pigment was also produced 
in vitro upon addition of the drug to blood. 

While no case of clear cut diabetes was encountered, a number of rats 
showed signs of impaired carbohydrate metabolism. Rat 25 on the 2nd 
day voided urine with 1.5 per cent glucose, then for a few days urine with 
traces of glucose, and afterwards became normal. Rat 17 showed on the 
3rd day a blood sugar of 307 mg. per cent, but no glucosuria. Intravenous 
glucose tolerance was normal. Rat 18 excreted urine containing about 0.5 


per cent glucose and showed on the 3rd day a blood sugar level of 248 mg. 


5 Kindly supplied by Professor A. Schénberg, Fuad I University, Cairo. 
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r cent. Three other rats excreted sometimes traces of sugar in their 
urine and died after 2 days with terminal blood sugars of 200, 316, and 560 
mg. per cent respectively. The doubtful significance of terminal blood 
sugar has already been noted. A rabbit received 120 mg. per kilo without 
development of diabetes within 6 days. We must thus conclude that, while 
the substance cannot be considered diabetogenic in the doses employed, 
the possibility exists that it may be potentially diabetogenic with higher 
doses. 

O 


Rhodizonic Acid, ] oo —This cyclic tetraketone is listed here 
O= )—OH 
| 
O 
because of its remote structural relationship to alloxan, although it gives 


no Strecker reaction. Since it proved to be non-toxic, amounts as high 
as 400 mg. per kilo could be injected without visible effect. 


Diabetogenic Action and Strecker Reaction 


The results which have been reported so far make it improbable that the 
islet effect of alloxan can be related to the Strecker reaction. According 
to determinations of Chargaff and Bendich (22), the potency of ninhydrin 
is about 8 times and that of 1 ,2-naphthoquinone-4-sulfonic acid 4 times 
that of alloxan, as judged by the rate of decomposition of alanine. How- 
ever, the possibility had to be considered that these compounds fail to 
cause diabetes because of very rapid destruction in the blood stream. The 
ninhydrin content of the pancreas was therefore determined by a modifi- 
cation of Briickmann’s (23) alloxan method. Half a minute after the in- 
jection of 140 mg. per kilo a concentration of about 30 mg. per cent was 
found in the pancreas. This is even more than the alloxan content of 
pancreas after alloxan injection. 

Another approach to the problem is suggested by the fact that in the al- 
loxan series itself some homologues are diabetogenic, while others are not; 
this invites a comparison of physiological activity with amino acid 
oxidation. To measure the latter, the rate of the formation of murexide, 
an end-product of the interaction of alloxan and amino acids (24), was 
followed. This method was used, as the Van Slyke technique (25), for 
measuring CO, as end-product of the’ reaction of ninhydrin with amino 
acids, is not applicable to some of the alloxans, for the reason that they 
decompose with CO, formation at 100°. 1 cc. of phosphate buffer of pH 
7.2, containing 20 mg. of glycine, was mixed at zero time with 0.1 
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mm of the various alloxans in | cc. of water, and the development of the 
red murexide color was measured at intervals in the Pulfrich photometer, 
Filter 470 mu (Fig. 1). The extinction values were not exactly reproducible 
from day to day, but the same order of intensities was always obtained with 
the various compounds; variation of pH or replacement of glycine by 
alanine did not alter this order. The curves in Fig. 1 are constructed from 
the average values of three or four sets of experiments. Comparison 
of the extinction values after 30 minutes reveals the following activities, 
relative to alloxan as 1.0: butylalloxan 0.81, propylalloxan 0.66, methylal- 
loxan 0.50, ethylalloxan 0.41, benzylalloxan 0.30, and dimethylalloxan 0.18 











Min. 10 20 30 40 50 60 
Fic. 1. Murexide formation from glycine (20 mg.) by various alloxans (0.1 mm); 
pH 7.2. Ordinate scale, extinction (530 mg). Curve 1, alloxan; Curve 2, butylal- 
loxan; Curve 3, propylalloxan; Curve 4, methylalloxan; Curve 5, ethylalloxan; 
Curve 6, benzylalloxan; Curve 7, dimethylalloxan. 


Phenylalloxan gave practically no murexide color. The physiological ac- 
tivities, calculated from the EDs values reported above, are as follows: 
alloxan 1.0, methylalloxan 0.93, ethylalloxan 0.79, while propy!- and butyl- 
alloxan, which give an intense Strecker reaction, are only weakly diabeto- 
genic or entirely inactive. There seems, therefore, to be no correlation 
between the Strecker reaction and islet damage. 

Two by-products of the Strecker reaction, a derivative of uramil (diu- 
ramil) and a “reducing substance” having the elementary formula 
CsH,,07N;, have been isolated by Hurtley and Wootton (24). Both com- 
pounds, when tested by us on rats, were found to be inactive. The fact 
that murexide itself does not cause diabetes has already been reported (3). 
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Diabetogenic Action and SH Oxidation 


Even before the discovery of the diabetogenic action of alloxan, the high 
affinity of this compound for SH groups was emphasized (26, 27). In 
view of the demonstration that the mode of action of an increasing number 
of pharmacologically active substances depends on oxidation of SH groups 
in enzymatic and non-enzymatic processes, it is not surprising that at- 
tempts have been made to explain the alloxan effect on pancreas on this 
basis. Experimental evidence for this theory has been advanced by Leech 
and Bailey (28), who observed a rapid decrease in blood glutathione in 
rabbits after diabetogenic, sometimes smaller, doses of alloxan. The 
restoration of the glutathione level to normal took several hours. Similar 
observations were earlier reported, without comment, by Eckert et al. (29), 
but appear to have been overlooked. Lazarow (16) has recently shown 
that the diabetogenic effect of alloxan is prevented by a simultaneous in- 
jection of 10- to 30-fold amounts of glutathione or cysteine; he does not 
think that this antagonistic action is due simply to decomposition of al- 
loxan in the blood stream by these substances. 

To obtain more evidence on this question, we repeated the experiments 
of Leech and Bailey (28), using rats. The glutathione content of blood 
and tissues was determined by a modification® of Fujita’s (30) method. 
The occurrence of a sharp drop in blood glutathione 2 to 5 minutes after 
injection of 60 to 70 mg. per kilo of alloxan was readily confirmed. Con- 
trary to reports by De Caro and Rovida (31), the reduced glutathione con- 
tent of organs showed no change in the same conditions (see Table I). 


*For the determination of reduced giutathione in small samples of blood, 0.3 to 
0.5 ce. of freshly drawn blood is placed in a centrifuge tube containing 1 cc. of water 
and a little saponin. When hemolysis is completed, 2.5 cc. of 3 per cent metaphos- 
phorie acid and about 1.5 gm. of solid sodium chloride are added, and the mixture 
shaken and after a few minutes centrifuged. To 2 cc. of the filtered supernatant are 
added 1 cc. of saturated sodium chloride, 0.5 cc. of a freshly prepared solution of 
0.1 gm. of sodium nitroprusside in 10 ec. of 0.4 per cent ammonium sulfate, and 0.7 
ee. of 25 per cent sodium carbonate (10 per cent, aqueous). The mixture is quickly 
transferred to a photometer cuvette of 0.5 to 1 em. width and read within 1 minute at 
500 to 530 mu. For tissues, 0.2 to 0.5 gm. of freshly excised or CO,-frozen tissue are 
extracted in a small mortar with 2.5 cc. of 3 per cent metaphosphoric acid, about 
15 gm. of sodium chloride, and 1 cc. of water. The mixture is transferred to a 
centrifuge tube, and the centrifugate treated as above. A reagent blank is run, in 
which the 2 cc. of extract are replaced by 2 cc. of 2 per cent metaphosphoric acid 
saturated with sodium chloride. When no more than 8 minutes elapse between the 
preparation of the nitroprusside solution and the addition of sodium carbonate, this 
method yields colors of good intensity, stable for at least 1 minute, and little affected 
by temperature. Beer’s law is strictly valid. Speed is unnecessary in the interme- 
diate steps of the method, since metaphosphoric acid extracts can be left for 1 to 2 
hours at 4° without loss of glutathione. 
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CO-;-frozen samples, analyzed immediately after extirpation under urethane 
narcosis, were used throughout. The figures for normal rats were in good 
agreement with those reported by other investigators. 

The fact that ninhydrin, a non-diabetogenic substance, causes an even 


TABLE I 
Reduced Glutathione in Normal and in Alloxan- and Ninhydrin-Injected Rats 
All values in mg. per 100 gm. Time of sampling after injection, blood 2 to § 
minutes, pancreas 4 to 9 minutes, kidney 9 to 10 minutes, liver 10 to 11 minutes. 








Rat No. Blood | Pancreas | Kidney Liver 


Normal rats 












































1 55 118 
2 27 | 60 134 118 
3 36 | 53 112 202 
4 52 | 71 | 113 225 
5 29 _ ae 92 204 
6 22 | 62 | 95 188 
Average... 37 | 6 | 109 176 
Alloxan-injected; 60-80 mg. per kilo 
Before After 
1 | oo | w | om 140 275 
2 59 | 41 66 124 220 
3 43 | 10 | 75 84 250 
4 29 22 | vw 75 107 
5 5A 34 7 107 230 
6 47 | 59 71 135 182 
7 | 27 | 62 
8 4. 9 | | 
9 2 | 5 | | 
————— deal : | 
Average... 3 | 8 | 4% | 111 210 
Ninhydrin-injected ; 50-80 mg. per kilo 
1 | 51 | 18 64 | 
2 | 28 4 82 | 


45 0 82 





more rapid disappearance of reduced glutathione from the blood than al- 
loxan (Table I) throws doubt on the significance of change in blood gluta- 
thione as a cause of islet damage. Apart from ninhydrin, two other non- 
diabetogenic compounds, butyl- and benzylalloxan, were found to produce 
a sharp drop in blood glutathione. 
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DISCUSSION 


The available evidence shows clearly that an intact pyrimidine nucleus 
js essential for diabetogenic action. Activity is abolished by substitution 
of the alloxan molecule at any position elsewhere than in one imino group.’ 
But even in this site substitution, if, asin the case of butylalloxan, carried 
beyond a certain length of side chain, renders the compound inactive. The 
inactivity of substances like dimethylalloxan, in which both NH groups are 
substituted, may be due to a lack of an ionizable hydrogen atom in such 
compounds (Hidy (5)). Since such agents produce pronounced kidney 
injury, it is clear that islet and kidney damage is not due to the same 
mechanism. 

No systematic study of the toxicology of this series has yet been under- 
taken. Present comment will be limited, therefore, to the remark that the 
observed correlation of toxicity with increasing length of side chain accords 
with common pharmacological experience. Most of the observed early 
symptoms can be related to respiratory impairment, which in turn is caused 
by severe damage to the lung capillaries, leading to hemorrhage and edema.* 
It becomes more and more evident that the toxic action of alloxan is not 
confined to the pancreatic 8-cells. Kidney and lung damage are likewise 
prominent, particularly in the case of the higher alloxan homologues. A 
number of authors have reported the production of lesions in various other 
organs by alloxan (32-38). 

On the assumption that islet necrosis is a direct effect of alloxan as such, 
this view being strongly supported by the histological evidence (see the 
excellent review of Duff (39)), several modes of action for alloxan can be 
considered. 

1. Selective accumulation in toxic amounts of the drug by the £-cells. 
This possibility will be difficult to prove experimentally, since in mammals 
the B-cells comprise less than 0.5 per cent of the pancreas. It has been 
found by us that after alloxan injection the concentration of the latter is 
lower in pancreas than in liver or kidney; this does not, however, dispose 
of the possibility that the drug is at a high concentration in the islets 
themselves. 

2. Competition with a structurally similar compound for an enzyme 
with resultant disorganization of the cell metabolism and eventual dis- 
integration of the cell structure. This is a highly speculative but at present 


"Substitution in the C, position has not yet been tried; we have been unable to 
synthesize 2-thio- or 2-iminoalloxan (Briickmann and Isaacs, unpublished). 

*In our first communication (3) we have expressed the view that the initial symp- 
toms might be caused by vagus stimulation. This interpretation is not, however, 
supported by pharmacological findings which have since been made in this labor- 
atory. 
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A substrate similar to alloxan js 


a very popular explanation of drug action. 
Moreover, the substitution of g 


not known in the mammalian organism. 
propyl group in the small molecule of alloxan must involve a considerable 
steric alteration; yet, as shown, the resulting compound is diabetogenic. 
If the claim of Shaw-Dunn et al. (40), that a styrvlquinoline has the same 
effect as alloxan, is corroborated, or if it should be possible to demon- 
strate, by histological examination, that 1 ,2-naphthoquinone-4-sulfonic 
acid causes some islet damage, the competition theory would have to be 
abandoned. 

3. Specific reaction of alloxan in the islet cell with or without a specific 
accumulation. Such a reaction would probably consist in the inactivation 
of an enzyme system, which can be expected to be intimately concerned 
with insulin synthesis, apparently the only specific function of the 8-cells, 
Lazarow (16) has expressed the view that inactivation of SH groups of 
enzyme proteins could account for such an effect. In view of our dem- 
onstration of a large glutathione reserve in the pancreas after alloxan 
injection, there is reason to consider that any oxidized SH group would 
quickly be regenerated by glutathione. As is shown by our study of blood 
glutathione, SH oxidation is a relatively unspecific property, and we shall 
have to look for more specific reactions to explain the mode of action of 
alloxan. 

As demonstrated above, the Strecker reaction, too, can scarcely be held 
responsible for that action. The fact that the Strecker reaction requires 
many hours for completion, whereas alloxan damage is histologically dem- 
onstrable 5 to 15 minutes after injection (39), is an additional argument 
against that view. 

The main difficulty in the elucidation of the mode of action of alloxan 
lies in our lack of knowledge of the specific biochemical processes of the 
target tissue, the islet. It is safe to predict that progress here would also 
throw light on the mechanism of insulin synthesis. 


SUMMARY 


A number of alloxan homologues and related compounds have been ad- 
ministered by intravenous injection to rats, with the following findings. 

1. N-Methyl-, ethyl-, and propylalloxans are diabetogenic, whereas 
higher N-substituted alloxans are not. 

2. Alloxantin, dimethylalloxantin, diethylalloxantin, and dialurie and 
methyldialuriec acids are likewise able to cause diabetes. These substances 
seem to be rapidly oxidized in the blood to corresponding alloxans. 

3. Substitution of alloxan in both imino groups, or in the C; position, 


abolishes its diabetogenic effect. 
4. While the diabetogenic activity of the monosubstituted alloxans de- 
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creases With increasing length of the aliphatic side chain, the acute toxicity, 
caused chiefly by damage to the lung capillaries, increases. The intro- 
duction of an aromatic side chain results in a distinct fall in toxicity. 
Kidney lesions, as indicated by uremia, albuminuria, and anuria, are 
caused both by diabetogenic and non-diabetogenic compounds of this 
series. 

5. A number of substances which give a strong Strecker reaction (de- 
amination and decarboxylation of amino acids) are ineffective in inducing 
diabetes. 1 ,2-Naphthoquinone-4-sulfonic acid produces some disturbance 
of carbohydrate metabolism, but not true diabetes. 

6. The diabetogenic potency of alloxan and some of its homologues, as 
expressed in terms of the effective dose 50, is not correlated with the 
Strecker reaction of these compounds (rate of murexide formation from 
amino acids). 

7. Alloxan and some non-diabetogenic compounds cause a rapid fall 
in blood glutathione, but fail to affect the glutathione content of pancreas, 
liver, and kidney. This is taken as evidence against the view that alloxan 
diabetes depends on SH oxidation. 

Mechanisms by which alloxan may damage the pancreatic islet cells 
are discussed in the light of these findings. 


We wish to acknowledge with thanks the skilful technical assistance of 
Mr. M. Chaimowitz throughout this study. 
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THE INHIBITORY ACTION OF NAPHTHOQUINONES ON 
RESPIRATORY PROCESSES 


By ERIC G. BALL, CHRISTIAN B. ANFINSEN, ann OCTAVIA COOPER 
(From the Department of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, January 14, 1947) 


The first observation that certain 2-hydroxy-3-alkylnaphthoquinones 
exert an inhibitory action on respiratory processes was made by Wendel 
(19) during a study of the action of these compounds on malarial parasites. 
Wendel found that the relative effectiveness of these compounds in inhibit- 
ing the respiration of malarial parasites in vitro paralleled their ability to 
suppress malaria in animals. Our interest in these observations was 
aroused through our wartime collaboration with Dr. L. F. Fieser and his 
group, who were engaged in the synthesis and study of these naphtho- 
quinones as potential antimalarial drugs. The discovery of Wendel sug- 
gested that these naphthoquinones might be general respiratory poisons 
and that a simple oxidative enzyme system might be found which was in- 
hibited by them. If this were so, it was reasoned that such an enzyme 
system might be employed to determine the relative potency of new naph- 
thoquinone derivatives, and thus serve as a relatively simple screening test 
for the prompt guidance of the organic chemist synthesizing these com- 
pounds. 

We present data here to indicate that certain 2-hydroxy-3-alkylnaph- 
thoquinones are very potent general respiratory poisons and that they 
act just below cytochrome c in the chain of respiratory enzymes. The 
succinate oxidase system is completely inhibited by certain of these com- 
pounds at concentrations as low as3 X 10-*m. The use of this enzyme 
system for testing the possible antimalarial activity of these drugs has been 
explored in Dr. Fieser’s laboratories and will not be dealt with here. 


EXPERIMENTAL 


The various naphthoquinones employed were kindly supplied by Dr. 
L. F. Fieser or Dr. M. T. Leffler, or were those used by one of us in previous 
studies (4, 5). In all cases, a weighed amount of the compound was dis- 
slved in absolute alcohol. Aliquots of the alcoholic solution were then 
evaporated to dryness on the water bath, and the residue dissolved in a 
drop or two of 0.1 nN NaOH and made up to the desired concentration with 
isotonic NaCl solution or with water. All concentrations of the drugs re- 
ported here are in terms of the concentration in the final enzyme or cell 
test system. 
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Unless otherwise stated, the various oxidative reactions were measured 
with the conventional Warburg manometric or Thunberg tube methods, 
When the manometric procedure was used, the amounts of cellular or 
enzyme material were so adjusted that the rate of oxygen consumption in 
the control usually fell in the range 80 to 150 ¢.mm. perhour. A solution of 
the naphthoquinone was added initially to the main chamber of the vessel, 
or was dumped from its side arm during the experiment. 

Succinate oxidase was prepared from heart muscle by the following pro- 
cedure:' Fresh beef heart was thoroughly minced and 50 gm. were well 
mixed with 200 cc. of ice-cold water. This suspension was then blended in 
a Waring blendor for 2 minutes at a temperature of 4-6° to form a heart 
homogenate. This homogenate was centrifuged for 10 minutes in the 
cold and the clear red supernatant discarded. This residue was next 
thoroughly mixed with 200 ec. of an ice-cold extract of heart muscle (pre- 
pared by heating to boiling a 50 gm. portion of minced heart muscle sus- 
pended in 200 ce. of water and filtering). The resulting suspension was 
then centrifuged in the cold and the clear, slightly red supernatant again 
discarded. If water or salt solutions are used in place of a heart muscle 
extract for washing at this stage, turbid supernatants are obtained witha 
consequent loss in enzyme. The insoluble residue was next washed with 
200 cc. of cold water and centrifuged. The residue, which was now prae- 
tically free of hemoglobin and myoglobin, was then blended in the Waring 
blendor for 30 seconds with a volume of ice-cold 0.1 m Na2H PO, sufficient 
to give a total volume equal in amount to that of the original heart homog- 
enate. This suspension upon the addition of cytochrome c showed on the 
average 95 per cent of the activity of the original heart homogenate. This 
final suspension was centrifuged for 10 minutes and the slightly turbid 
supernatant which contained approximately 50 per cent of the total enzyme 
was employed as the enzyme solution. A 6-fold concentration of the 
enzyme is effected by this procedure. 

This preparation may be reduced to the dry state if it is rapidly frozen 
and desiccation carried out under vacuum from the ice phase. Some loss in 
activity is encountered by this procedure, but the dry powder so obtained 
remains active for weeks if it is kept dry and stored in the cold. Care must 
be exercised in reconstituting a suspension from the dry powder to forma 
thick smooth paste before diluting to volume. 

The enzyme system was buffered with 0.1 m phosphate buffers. Cyto- 
chrome c, prepared according to the procedure of Keilin and Hartree (11), 
was added in sufficient quantity to insure saturation of the system with this 
component. Sodium succinate at a final concentration of 0.015 mM was em- 
ployed as substrate. 


? Ball, E. G., and Ormsbee, R. A., unpublished data. 
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The succinate oxidase preparation was also used as a source of cytochrome 
oxidase and succinate dehydrogenase. Cytochrome oxidase activity was 
measured in the same way as succinate oxidase activity, except that 
p-phenylenediamine or hydroquinone was used as substrates. Succinate 
dehydrogenase activity was measured by the usual Thunberg tube tech- 
nique, or manometrically, as will be described in presenting the experimental 
results. 

Red blood cells, either parasitized or normal, were obtained from our own 
colony of monkeys (3,9). We used 1 ec. of blood and 1.7 cc. of an isotonic 
phosphate-Locke’s solution in each Warburg vessel (13). The phosphate- 
Locke’s solution has a pH of 7.3 and the following composition: KH,PO, 
0.011 m, NagHPO, 0.044 m, NaCl 0.070 m, KCI 0.005 m, CaCl, 0.001 M. 

The respiration of yeast cells was measured on a suspension of cells made 
from a Fleischmann yeast cake with glucose or lactate as substrate. The 
phosphate-Locke’s solution described above was employed as suspending 
medium. 

Liver slices from rabbit or monkey liver were also suspended in phos- 
phate-Locke’s solution. Glucose again served as the substrate. 


Results 


A comparison of the inhibitory action of six different hydroxynaphtho- 
quinones on various respiratory systems is afforded by the data given in 
Table I. The six compounds listed there differ in structure only in the 
side chain substituted in the 3 positions of the naphthoquinone nucleus. 
Considering first the results obtained on succinate oxidase and the malarial 
parasite, Plasmodium knowlesi, it will be seen that the greatest inhibitory 
action is displayed by the two compounds containing a 9 carbon side chain, 
SN 5949 and SN 5090. Decrease in inhibitory activity results as the side 
chain is shortened. Hydrolapachol with a 5 and phthiocol with a 1 carbon 
side chain are much less effective compounds. Diminution of activity also 
results from the introduction of a double bond or of a hydroxy group into a 
side chain. This may be seen by comparing the action of hydrolapachol, 
lapachol, and hydroxyhydrolapachol. The action of these six naphthoquin- 
ones on Plasmodium knowlesit confirms the findings of Wendel (19), who 
has studied a much larger series of compounds. As stated earlier, Wendel 
ilso found that the antimalarial activity of a drug in vivo paralleled its 
ability to repress the respiration of the malarial parasite. Now, as can be 
ven from the data of Table I, there is a marked similarity in the action of 
these compounds on the succinate oxidase system and upon the respiration 
of the malarial parasite. This relationship suggests two things: first, the 
use of succinate oxidase as a test system for screening new drugs in this 
eries, and second, the presence in the malarial parasite of an enzyme similar 
in nature to the one inhibited in the succinate oxidase preparation. 
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TaBie [ 

Comparison of Inhibitory Action of Hydrorynaphthoquinones on Various Respiratory 
Systems at pH 7.4 and 38° 

The values* are expressed as per cent inhibition of O. consumption during the 

Ist hour of the experiment. 
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Succinate oxidase | ” om Yeast ine 
Mycrespusphthequinens Concentration of naphthoquinone mg. per liter 
1 | 10 100 1 10 | 100 0.1/1.0) 10 )10)0 
om apnea [cores (eee ee Gee Bees ee ee ee 
SN 5949+ 94 | 100 | | 63) 75) 74) 58| 95] 941 0 | 16 
CH; | ae ; | 
ye ta as 
R-CH.CH(CH:;)s-CH; ; | Popp ta | 
SN 5090f 69 | 85) | 27/75} | | 0} 15/0) 0 
CH;-CH, Fil r | | | | 
: Bmeeeneent 
R-CH-CH,CH.CH CH, ; | | | | 1 | | | 
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CH.CH, 1 | | | | if ga | 
Hydroiapachol | | 0 | 88 | 10) 37) 78) | | 
CH; | | | | | 
R-CH.CH.CHG | | rt | 
‘CH; : tie J | oo 
Lapachol 126; O} O| 74 | | rw 
ACH, | | 
R-CH,CH=C¢ | Zoe 
CH, | | 1 | | 
Hydroxyhydrolapachol | 0 | ogo# i i | | 
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* All the values are the average of two or more experiments. 
t The Survey number, designated SN, identifies a drug in the records of the Survey 
of Antimalarial Drugs established by the Committee on Medical Research. 
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The side chain listed in the table is in all cases substituted in the 3 position. 


In the results presented in Table I for yeast and liver slices, a marked 
difference in behavior is found. The respiration of liver slices during the 
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ist hour of the experiment is practically unaffected by the addition of either 
SN 5949 or SN 5090. Yeast respiration, on the other hand, though not 
affected appreciably by SN 5090, is as sensitive to SN 5949 as either the 
malarial parasite or succinate oxidase. These results might be interpreted 
as indicating a difference in respiratory mechanism for these cells. We are 
inclined to believe, however, that it represents a difference in permeability 
of the cells concerned for these compounds. The fact that yeast cells are 
inhibited by SN 5949 but not by SN 5090, which contains a cyclic group in 
the side chain, seems to us to favor this latter interpretation. Moreover, 
though the respiration of liver slices is practically unaffected by these com- 
pounds during the Ist hour of the experiment, an inhibiting effect begins to 
appear at the end of this time. A similar delayed action of SN 5949 on the 
respiration of heart muscle slices has been observed by Dr. O. H. Pearson 
in one experiment he kindly performed for us. In contrast to the delayed 
and weaker action on mammalian cells of these compounds is their practi- 
cally instantaneous reaction on the parasitized red blood cell and succinate 
oxidase. Also, the full action of SN 5949 on the respiration of yeast cells 
becomes manifest within a few minutes after its addition. One cannot but 
wonder whether the delaved penetration of animal tissues by these drugs 
isnot one important factor which helps to explain how such potent respira- 
tory inhibitors can be used for therapeutic purposes. Certainly such tissue 
cells do contain a respiratory system sensitive to these compounds, as is 
shown by the results with the succinate oxidase preparation made from 
heart muscle. 

It should also be pointed out that the maximum amount of inhibition 
obtainable varies according to the test system employed. For example, 
SN 5949 can cause complete inhibition of succinate oxidase; with yeast cells 
the inhibition has not exceeded 95 per cent, while, in the case of red blood 
cells parasitized with Plasmodium knowlesi, the inhibition has reached only 
80 per cent. Likewise, the respiration of the eggs of Arbacia punctulata, 
either fertilized or unfertilized, is markedly though incompletely blocked 
by SN 5949 (cf. Anfinsen and Ball (2)). This incomplete blockage of res- 
piration in the intact cell is reminiscent of the action of cyanide. It sug- 
gests that these naphthoquinones, like cyanide, inhibit the main respiratory 
pathway, but leave certain secondary and minor respiratory processes 
untouched. 

All the results so far described have been obtained at a pH of 7.4. The 
action of these naphthoquinones is, however, markedly dependent upon 
pH. Wendel (19) has already shown in the case of the malarial parasite 
that, over a range of pH which includes physiological values, unit decrease 
in pH produced approximately a 10-fold increase in antirespiratory activity 
for eight naphthoquinones that he studied. A similar effect of pH on the 
activity of SN 5949 and SN 5090 can be observed in the case of succinate 
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oxidase. In Fig. 1, data are presented which illustrate this effect. Here 
the concentration of naphthoquinone is held constant at 1 mg. per liter and 
the pH varied throughout the range 6.1 to 8.1. The enzyme is completely 
inhibited at the more acid values, but, as the pH becomes alkaline, the per 
cent inhibition falls as low as 20 per cent in the region of pH 8.0. Experi- 
ments performed with varying concentrations of SN 5949 in the pH range 
6.1 to 6.6 indicate that pH changes in this region do not have the pro- 
nounced effect observed for the region pH 7.0 to 8.0. Studies made at pH 
values more alkaline than 8.1 with higher concentrations of SN 5949 indi- 
cate that its inhibitory activity continues to diminish somewhat in this 
region. However, results in this region are complicated by the fact that 
the activity of the succinate oxidase is diminished considerably as a result 
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Fic. 1. The effect of pH on the inhibitory action of SN 5090 and SN 5949 onthe 


succinate oxidase system. The concentration of naphthoquinone is 1 mg. per liter 
in all cases, temperature 37°; 0.1 m phosphate buffers were used throughout. 


of the change in buffer composition and pH alone. It would, nevertheless, 
appear that the chief effect of pH occurs within the region shown in Fig. 1. 

The reader will probably notice that in Fig. 1 a concentration of SN 5949 
of 1 mg. per liter at pH 7.4 causes an inhibition of about 59 per cent, while, 
in Table I, an inhibition of 94 per cent is reported at this concentration and 
pH. This is due to the fact that different batches of succinate oxidase were 
employed in each case and serves to emphasize the point that such varia- 
tions in sensitivity are encountered in different enzyme preparations, It 
should also be noted, in this connection, that fresh succinate oxidase prepa- 
rations are always less sensitive than those which have been reconstituted 
from the dried preparation described in the experimental section. 

The reason for variations of naphthoquinone action with the change in 
pH is not clear. One interpretation would be that it is due to alterations 
in the degree of dissociation of the hydroxy group of these compounds. 
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This would mean that the undissociated and least soluble form would be the 
most active. This explanation seems unlikely when one considers the fact 
that the pK of this hydroxy group in lapachol, hydroxyhydrolapachol, 
phthiocol, and four other hydroxynaphthoquinones not studied here has 
been found to be about 5.0 (Ball (5)). The pK value of SN 5949 and SN 
5090 should be similar. Another explanation is that some essential group 
in the enzyme which reacts with the naphthoquinone undergoes ionization 
within this pH range. If this is the case, its pK value must be in the neigh- 
borhood of 7.5. A third possibility is that the effective concentration of the 
naphthoquinone is lowered at higher pH values, due to its increased affinity 
for proteins in general at more alkaline reactions. The succinate oxidase 
preparation is far from pure and undoubtedly contains many proteins not 
directly concerned in the enzyme reaction under study. In support of this 
explanation is the finding of Wendel (19) that serum proteins markedly 
affect the inhibitory action of these naphthoquinones on the respiration of 
malarial parasites. Which, if any, of these explanations is valid must 
await further experimentation. 

We have attempted to learn the specific point of action of these naphtho- 
quinones on general respiratory processes by a closer investigation of their 
action on the complex succinate oxidase system. The preparation em- 
ployed as a source of this enzyme contains the following known components 
of the main respiratory pathway: cytochrome oxidase, cytochromes a, b, 
and c, and a flavoprotein capable of reoxidizing the reduced pyridine nucleo- 
tides. How many of these components are concerned in the oxidation of 
succinate is not known. However, cytochrome oxidase and cytochrome c 
are definitely known to be involved. It is possible to test the action of 
these two components separately from all the others by using p-phenylene- 
diamine or hydroquinone as substrates instead of succinate. When this is 
done, it is found that no inhibition of the enzyme-catalyzed oxygen uptake 
by these substrates can be produced by SN 5949 or SN 5090 at final concen- 
trations as high as 10 mg. per liter. Further evidence that cytochrome 
oxidase or cytochrome c is not affected by these naphthoquinones may be 
obtained spectroscopically. If a solution of cytochrome c, prepared by the 
method of Keilin and Hartree (11), is reduced with NaeS,O, at pH 7.4, the 
550 mu band of the reduced form may be observed with a hand spectroscope. 
This band disappears immediately upon addition of a little of the succinate 
oxidase preparation and shaking in the presence of air. Repetition of the 
test in the presence of SN 5949 at a final concentration of 10 mg. per liter 
gives identical results. In marked contrast are the results obtained in the 
presence of 0.001 m cyanide. In this case, the absorption band of reduced 
cytochrome c remains visible even after prolonged shaking of the solution 
with air. It is, therefore, obvious that these naphthoquinones do not in- 
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hibit respiration in the same manner as cyanide, namely, by reacting with 
cytochrome oxidase. 

Another component of the succinate oxidase complex that may be studied 
is succinate dehydrogenase. The exact nature of this component is not 
known. Its catalytic action, however, may be followed independently of 
the functioning of cytochrome oxidase and cytochrome c by the use of 
methylene blue and the Thunberg tube technique. Employing this tech- 
nique, it is found that the reduction time of methylene blue at pH 7.4 by 
succinate in the presence of the enzyme is slightly slowed by the presence 
of SN 5949 at a final concentration of 10 mg. per liter. That the positively 
charged methylene blue is not reacting with the anionic naphthoquinone 
and so interfering with its inhibitory action is shown by the fact that similar 
results are obtained when an indophenol type of oxidation reduction 
indicator is employed. 

A more accurate picture of the action of SN 5949 on succinate dehydro- 
genase may be obtained by a manometric procedure. The results of an 
experiment of this type are shown in Fig. 2. In this test, cyanide has been 
added to all flasks, except Flask 1, in sufficient quantity to inhibit oxygen 
uptake by blocking the cytochrome oxidase system. In addition to cya- 
nide, Flasks 3, 4, and 5 contain SN 5949 at a final concentration of 1, 5, and 
10 mg. per liter, respectively. In Flask 1, it will be seen that oxygen con- 
sumption by succinate proceeds rapidly from the start of the experiment, 
since no inhibitor is present. In the other flasks, no oxygen consumption 
occurs until methylene blue is added from the side arm of the flask at 10 
minutes after the start of the experiment. In these flasks, methylene blue 
acts as a by-pass to the cyanide-inhibited cytochrome oxidase. It will be 
noted, however, that the rate of oxygen uptake through this methylene blue 
by-pass is slower in those flasks, Nos. 3 to 5, which also contain SN 5949, 
but that complete blockage of the methylene blue-catalyzed system is not 
obtained. Though not shown in Fig. 2, a sixth flask containing 100 mg. 
per liter of SN 5949 gave exactly the same results as Flask 5, which con- 
tained 10 mg. per liter. This action of SN 5949 is in marked contrast to its 
behavior when cytochrome oxidase links the system to oxygen. With the 
enzyme preparation used for the experiment shown in Fig. 2, 1 mg. per liter 
of SN 5949 completely inhibits the oxygen uptake of the cytochrome 
oxidase-mediated system. From the results for Flasks 2 and 3 in Fig. 2, 
it may be calculated that 1 mg. per liter of SN 5949 causes only a 25 per 
cent inhibition of the methylene blue-linked system. These results would 
seem to indicate that the point of attack of the naphthoquinones is not upon 
the succinate dehydrogenase itself, but upon some enzyme or enzymes which 
link it to the cytochrome c-cytochrome oxidase chain, or, as in these experi- 
ments, to the methylene blue system. In the latter case, the inhibitory 
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effect is less marked than in the former, suggesting that a reaction involving 
the reduction of cytochrome c may be involved. 

As may be surmised from the results in Fig. 2, methylene blue will par- 
tially release the inhibition of oxygen uptake caused by SN 5949. Results 
identical to those shown for Flasks 3, 4, and 5 in Fig. 2 are obtained when 
naphthoquinone is the only inhibitor present. Also the inhibition of yeast 
respiration by SN 5949 may be partially released by the addition of methyl- 
ene blue. This is true whether glucose or lactate serves as substrate. 


| 














i0 20 30 40 50 60 7 
MINUTES 


Fic.2. The effect of SN 5949 on the succinate dehydrogenase system, pH 7.4, and 
37°. In addition to the succinate oxidase preparation, succinate and 0.1 m phosphate 
buffer, the various flasks contained the following: Flask 1, no additions; Flask 2, 
cyanide 0.001 m; Flask 3, cyanide 0.001 m, SN 5949, 1 mg. per liter; Flask 4, cyanide 
0.001 a, SN 5949, 5 mg. per liter; Flask 5, cyanide 0.001 m, SN 5949, 10 mg. per liter. 
Methylene blue, 0.2 cc. of 0.1 per cent, dumped into Flasks 2 to 5, 10 minutes after 
the start of the experiment. The total volume in each flask is 3.0 cc. See the text 
for further details. 


Further insight as to the locale of action of these naphthoquinones may 
be obtained by spectroscopic means. If a preparation of succinate oxidase, 
to which sodium succinate has been added, is viewed with a hand spectro- 
scope, the absorption bands of reduced cytochromes a, b, and ¢ are clearly 
visible. All these bands may be made to disappear momentarily or to fade 
in intensity if the preparation is shaken with air. They return promptly 
on standing. When the experiment is performed in the presence of SN 
5949 at a final concentration of 20 mg. per liter, a different picture results. 
Shortly after mixing all the components, the only cytochrome band that is 
visible is that of reduced cytochrome b. Gradually, however, the reduced 
bands of cytochromes a and ¢ appear. If this preparation is now shaken 
with air, the bands of reduced cytochromes a and c disappear immediately, 
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but those of reduced cytochrome 6 remain unaltered, even after prolonged 
shaking. On standing, the reduced bands of cytochromes a and ¢ slowly 
reappear. Identical results may be obtained on a suspension of yeast cells 
o which glucose has been added as a substrate. These findings thus indj- 
cate that these naphthoquinones interfere with the reoxidation of reduced 
cytochrome b, but do not interfere with its reduction. 

Reactions catalyzed by those enzymes which require the pyridine nueleo- 
tides as coenzymes do not appear to be affected by the naphthoquinones 
studied here. This fact was first indicated by the results of Wendel (19), 
who showed that the production of lactate from glucose by parasitized red 
blood cells was not inhibited, and indeed was enhanced, by the presence of 
some of these compounds. We have found no effect of SN 5949 on the 
mammalian lactate dehydrogenase system, as studied by the method of 
Quastel and Wheatley (14), nor upon the oxygen consumption of normal 
mammalian red blood cells that occurs in the presence of methylene blue 
and glucose. Both of these processes require the presence of pyridine nu- 
cleotides. We have also been unable to observe any effect. by them upon 
the reoxidation of reduced diphosphopyridine nucleotide by methylene 
blue, as catalyzed by the flavoprotein described by Corran et al. (7). The 
main effect of these naphthoquinones on respiration thus appears to be 
limited to an action upon some unknown component gearing the dehydro- 
genases to the cytochrome oxidase-cytochrome c system. 

Xanthine oxidase, d-amino acid oxidase, catalase, and urease are un- 
affected by SN 5949. The latter enzyme was tested mainly because its 
activity, like that of succinate oxidase, is dependent upon the presence of 
sulfhydryl groups. The findings of Colwell and McCall (6) that the anti- 
bacterial action of 2-methyl-1 ,4-naphthoquinone is antagonized by various 
sulfhydryl compounds also suggested that SN 5949 might be reacting with 
an enzyme sulfhydryl group. We have attempted without success to pro- 
tect the succinate oxidase system against the action of SN 5949 by the 
addition of cysteine. 


DISCUSSION 


It is not possible at the present time to ascertain the exact manner in 
which naphthoquinones of the type used here block respiratory processes. 
We may list the various enzymes that may be involved in the main respira- 
tory pathway in the manner portrayed in Table II. They are listed here 
in the order of their relative positions in this pathway in so far as this can 
be judged from available data. The exact réle of several enzymes listed 
remains in doubt. For example, the function of cytochrome a is unknown 
and its possible relationship or even identity with cytochrome oxidase is still 
an open question. The same is true for cytochrome b and the possibility 
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exists that it and succinate dehydrogenase may be identical. Another dis- 
putable point is whether succinate dehydrogenase, whatever its identity, 
forms a part of the main respiratory pathway. Until separation of all the 
individual components concerned in this chain is achieved, these questions 
will be difficult to answer. Nevertheless, it is possible to ascertain the level 
at which certain substrates are geared into this chain of oxidative enzymes. 
In the column headed ‘‘Substrate”’ in Table II, the substrates p-phenylene- 
diamine, succinate, and glucose have been listed in a position opposite that 
enzyme in the chain which activates its electrons for passage through the 
chain. Reduction of all components of the chain lying above this specific 
enzyme may be assumed to occur in the presence of the specific substrate 
and can be shown to occur in most instances. 








TABLE II 
Relationships of Enzymes, Substrates, and Inhibitors in Main Oxidative Pathway 
Inhibitor Enzyme system Substrate 
Cyanide Cytochrome oxidase 
“cc 
a 
" c p-Phenylenediamine, etc. 
Naphthoquinone ? 
Cytochrome b 
Succinate dehydrogenase Succinate 
Flavoprotein (diaphorase) 
Pyridine nucleotide dehydro- Glucose, etc. 
genases 











Now the relative position at which cyanide and 2-hydroxy-3-alkylnaph- 
thoquinone inhibit this chain may be similarly indicated. In the column 
headed “Inhibitor” cyanide is placed opposite cytochrome oxidase, since it 
is this lead off enzyme in the chain with which it appears to combine. The 
oxidation of all the substrates listed is prevented by its action. In the case 
of the naphthoquinones, their point of action is indicated as lying between 
cytochromes b and c, since they do not prevent the oxidation of p-phenylene- 
diamine; nor do they prevent the reduction of cytochrome b by either succi- 
nate or glucose. Neither cytochrome c nor cytochrome b can, therefore, 
be singled out as the enzyme reacting with the naphthoquinones. It is the 
interaction of these two enzymes which appears to be prevented by the 
naphthoquinones. This being the case, the naphthoquinones might be 
classified as inhibitors preventing the interaction of two specific enzymes 
rather than completely inhibiting the action of one, as usually happens. 
Though this would be an unusual situation, it must, nevertheless, be remem- 
bered that these reactions are unusual in that we are dealing with the inter- 
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action of two enzymes and not, as in the more conventional manner, with 
- enzyme and substrate. 

An alternative hypothesis must, however, be considered. This is that an 
unknown enzyme exists which mediates the reaction between cytochromes 
b and ¢ in the chain and that it is this unknown enzyme which specifically 
reacts with naphthoquinones. Certainly we have no proof that cytochrome 
b can react directly with cytochrome c. Indeed, evidence (10, 12, 16) has 
been accumulating that some unknown enzyme acting below cytochrome ¢ 
is involved in the oxidation of succinate. Most recently Straub (17) has 
presented evidence for the existence of a so called SC factor linking succinate 
dehydrogenase and cytochrome c. He pictures the oxidation of succinate 
as proceeding through the following chain: succinate dehydrogenase — SC 
factor — cytochrome c — cytochrome a — cytochrome oxidase. The 
possible relationship of cytochrome b to this factor or to succinate oxidation 
is not discussed by him. However, the term “succinate dehydrogenase” 
is used by Straub, as we have used it, to describe the unidentified enzyme 
or enzymes catalyzing the reaction between methylene blue and succinate. 
As mentioned earlier, cytochrome b may well be involved in this reaction. 
Indeed, the fact that cytochrome b is present in the succinate dehydrogenase 
preparation and is rapidly reduced upon the addition of succinate favors 
such an interpretation. There is thus the possibility that Straub’s SC 
factor actually links cytochrome b and cytochrome c and that it is indeed 
the enzyme which reacts with naphthoquinone. 

This interpretation of the action of naphthoquinones is satisfactory in 
the light of Straub’s findings only so far as the oxidation of succinate is con- 
cerned. When we attempt to explain the blockage of general respiration in 
terms of the action of naphthoquinones on Straub’s SC factor, the picture 
is not clear. For example, in the oxidation of glucose we may trace the 
pathway of electrons from this substrate through the pyridine nucleotides 
and the flavoprotein, diaphorase. Beyond this we cannot go. How this 
flavoprotein is linked to oxygen is not known, but the cytochrome system 
is undoubtedly involved. Straub (18) has shown that direct reaction be- 
tween diaphorase and cytochrome c does not occur. Some enzyme or 
enzymes must then lie intermediate to these two components. Now Straub 
(17) has attempted without success to gear diaphorase to cytochrome c by 
means of his SC factor. Indeed, in his experiments the same combination 
of enzymes capable of functioning as succinate oxidase failed to connect 
diaphorase to cytochrome c. Whether the SC factor is involved in general 
respiration cannot then be determined from Straub’s experiments, since the 
possibility exists that the SC factor in combination with some component 
missing in his experiments is involved in linking diaphorase to cytochrome ¢. 

From this discussion then it is obvious that there is a portion of the main 
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oxidative chain lying below cytochrome ec which is shrouded in darkness. 
It is somewhere within this region that the naphthoquinones act to block 
not only succinate oxidation but also general respiration. Perhaps these 
compounds may prove to be useful tools to help unravel the nature of the 
enzyme or enzymes which gear cytochrome c not only to succinate dehydro- 
genase but also to the flavoprotein-pyridine nucleotide systems. 

One other point of interest that should be mentioned with regard to the 
2-hydroxy-3-alkylnaphthoquinones is that they are natural constituents of 
certain living cells. Lapachol, one of the compounds listed in Table I, 
occurs in a variety of woods; cf. Fieser (8). Lomatiol, a closely related 
compound, occurs in the seeds of Lomatia ilicifolia (15). Phthiocol, also 
listed in Table I, is a pigment isolated from the tubercle bacillus by Ander- 
son and Newman (1). Using the data given by these authors, we estimate 
roughly that the concentration of phthiocol in this organism is of the order 
of 10 mg. per kilo of wet cells. This is just below the concentrations found 
necessary to inhibit succinate oxidase or the respiration of the malarial para- 
site. Many other naphthoquinones, though not of this general type, are 
also of course found in nature. Among those may be mentioned vitamin K, 
juglone, lawsone, lomatiol, and echinochrome. With the exception of 
vitamin K, no function is apparently known for any of these compounds. 
We have considered the possibility that the inhibitory action of compounds 
such as SN 5949 may be due to their competition with a naturally occur- 
ring naphthoquinone. Preliminary experiments in which an attempt was 
made to release respiratory inhibition produced by SN 5949 by the addi- 
tion of vitamin K were inconclusive. Our observations (2) that the respira- 
tion of the Arbacia egg, which contains large amounts of echinochrome, is 
easily inhibited by SN 5949 do not favor a competitive type of action. 
Nevertheless, the findings reported here suggest that an investigation of the 
réle of naturally occurring naphthoquinones either in regulating or partici- 
pating in respiratory processes might be of interest.? 


SUMMARY 
1. Certain 2-hydroxy-3-alkylnaphthoquinones are very potent inhibitors 
of respiratory processes. Their activity depends upon the nature of the 
alkyl group. 
2. The more effective naphthoquinones completely inhibit the oxygen 
uptake of the succinate oxidase system at concentrations as low as 3 X 10-* 


* Since submitting this paper for publication the interesting work of Gaffron 
(20) has come to our attention. He reports that phthiocol first stimulates and 
then inhibits the respiration of certain algae as its concentration is increased. He 
also shows that phthiocol interferes with the photochemical processes of these plant 
cells and discusses his findings in relation to the known high vitamin K content of 
chloroplasts. 
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m. The respiration of the malarial parasite, Plasmodium knowlesi, and of 
yeast cells is also inhibited at similar concentrations, but. inhibition never 
exceeds 80 to 95 per cent of the total respiration in these cases. 

3. The action of these naphthoquinones on the succinate oxidase system 
is dependent on the pH, at least within the region 7.0 to 8.0. The activity 
of a compound at pH 7.0 is approximately 5-fold that at pH 8.0. The 
reason for this effect is not known, but several possible explanations are 
offered. 

4. Cytochrome oxidase, xanthine oxidase, d-amino acid oxidase, catalase, 
several pyridine nucleotide systems, and urease are unaffected by these 
naphthoquinones. The succinate dehydrogenase system is partly in- 
hibited. 

5. The conclusion is reached from manometric and spectrophotometric 
observations that these naphthoquinones act below cytochrome c and above 
cytochrome 6 in the main chain of respiratory enzymes. The possibility 
that their inhibitory action is the result of their combination with an un- 
known enzyme which mediates the reaction bet ween, cytochrome c¢ and 
cytochrome b is discussed. 
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AMINO ACIDS EXCRETED BY MICE FED INCOMPLETE 
PROTEINS* 
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In a previous study it was noted that mice fed a diet containing 10 per 
cent of casein excreted from 1 to 5 per cent of the ingested amino acids 
in the urine in microbiologically available form (1). The present experi- 
ments deal with the amino acids in the urine of mice fed incomplete proteins 
such as oxidized casein (2) supplemented in various ways. Oxidized casein 
is known to be deficient in methionine, tryptophane, and cystine (2, 3). 
Arachin was fed as an example of a natural protein low in one of the essen- 
tial amino acids, while fibrin and casein served as examples of relatively 
complete proteins. 


Methods 


Weanling mice weighing 10 to 12 gm. were fed diets of the following 
general composition. 


per cent 
a eT iy ene a ae ee eee Ce ee Se 10 
OE ee eee eee. ate 1. Chcllslas aiea ilad ieee te 5 
Wesson’s salt mixture (4) er Re Pe es oe fa 4 
Glucose monohydrate (cerelose) to soa ie fois pic rato kes ee 100 

7 per gm. 

i POPNIUUED, . vcs ccs csues SUN uk Mute dad deweyeeeneebe 10 
Thiamine chloride te 0 Wind ean caine tate 6 
Ee OR TOT Ay eee ee Se Ree 10 
Calcium pentothenate 5 ls cli oe tin eas Gc eins hrsa eee eau ek 20 
Riboflavin ae a ott Tale stan et sac) EL PS tee 6 
Folie acid + ¢  *. oan Bey eye Pe 0.5 
ae e Roatata 3 ho a a soe PR a FP 0.5 
MOON MNME.. . oes niycs ic ananex Hkweeesaeiedeeeace sae eee 300 
Inositol. . repwasig da inten has aules Matas daniemne eee 500 
Choline chloride............... ee rer eee ey 1000 
as ain «ie; ap ce Rin ack ek at ee le ae 1000 


Methionine was added to certain of the diets at a level of 0.7 per cent, 
tryptophane to certain others at a level of 0.4 per cent (Tables II to IV). 


* Published with the approval of the Director of the Wisconsin Agricultural Experi- 
ment Station. This investigation was aided by grants from the Jonathan Bowman 
Fund for Cancer Research and from the Wisconsin Alumni Research Foundation. 
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When the dietary protein was ordinary casein or fibrin, the mice gained an 
average of 2.5 gm. per week. Mice fed oxidized casein supplemented with 
methionine, tryptophane, and cystine also grew well and when the protein 
was finely ground, some series gained as much as 3.0 gm. per week. How.- 
ever, when methionine or tryptophane was omitted from the diet the 
animals lost weight at rates ranging from 0.5 to 2.0 gm. per week and 
some died after 2 or more weeks. For this reason the feeding periods were 
necessarily of short duration. 

After 15 or more days on the various diets, mice were placed in metab- 
olism cages in groups of three, and the urine was collected under toluene 
for periods of 24 or 48 hours. The urine was stored, diluted, and ana- 
lyzed microbiologically for sixteen amino acids by the methods described 
previously (1). 

The results were expressed both as the amounts of the various amino 
acids excreted in microbiologically available form per mouse daily and 
as the percentages of the ingested acids appearing in the urine. The latter 
values were originally calculated from published values for the amino acid 
composition of the proteins fed, but irregularities in the apparent per- 
centages of some of the amino acids excreted, e.g., of serine on the fibrin 
diet and of proline on arachin, suggested that the published values (5, 6) 
used might not reflect the composition’ of the proteins fed in the present 
experiments. Accordingly, each of the proteins (Table I) was hydrolyzed 
by autoclaving 600 mg. aliquots in sealed ampuls with 10 per cent HCl 
(5 Nn NaOH for tryptophane and tyrosine determinations) for 10 hours 
at 15 pounds pressure (7,8). The pH was then adjusted to 6.8, the solution 
diluted, filtered, and the amino acid composition determined microbio- 
logically' (1). With comparatively few exceptions, the percentages of 
the various amino acids in the proteins were found to be of the same order 
of magnitude as those reported by others (Table I). In line with the bio- 
logical and chemical results of Toennies and Bennett (2, 3), most of the 
amino acids in casein were unaltered by the oxidation process, although 
methionine, cystine, and tryptophane were destroyed completely. 


Results 


The most obvious finding was that mice on a protein inadequate in the 
essential amino acids tryptophane (Table II) or methionine (Table III) 


1 When Lactobacillus arabinosus was used as the test organism for the determi- 
nation of glutamic acid, the value obtained for the percentage of this acid in casein 
compared favorably with those reported by others who used either chemical or micro- 
biological methods of analysis (9-11). However, with Streptococcus faecalis and the 
regular test medium (1), percentage values for glutamic acid often differed from those 
obtained with L. arabinosus, unless the content of asparagine in the medium was 
doubled. In the present study, L. arabinosus was used routinely for the determi- 
nation of glutamic acid in urine and in protein hydrolysates. 
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excreted abnormally high amounts of all the other amino acids. On the 
tryptophane-deficient diet (Series 1) (oxidized casein plus methionine and 
cystine) the percentage of ingested amino acids appearing in the urine 
after 15 days varied from 12.8 per cent for proline to 48.3 per cent for 
histidine (Table II), while all other amino acids were found in the urine 
in intermediate percentages of the amounts ingested. Essentially the 
same values were obtained in Series IT and III] in which the period of deple- 
tion was more prolonged. The excretion of the essential amino acids taken 


TABLeE | 


Per Cent Amino Acids in Proteins Fed (Gm. of Amino Acid Liberated per 100 Gm. of 
Air-Dried Protein) 





Recoveries* 
Amino acid Fibrin | Arachin | Ordinary | Oxidized meee 

aa Fibrin | Arachin 
Arginine... . Seen.” ee 3.7 5.8 4 103 101 
Aspartic acid istbnee 156.5 | 14.0 | 7.3 8.3 | 100 107 104 
Cyatine......... . | 1.8 | 0.9 | 0.45; 0.0 | 108 100 104 
Glutamic acid ...-+-] 18.0 | 21.6 | 21.5 | 22.0 | 109 | 100 | 109 
Histidine.......... ...| 2.8 2.6 | 3.0 | 2.4 4 100 109 
Isoleucine 7.6 6.6 8.6 7.8 | 100 104 104 
Leucine........ ......e-{ 6.7 | 6.9 | 10.5 | 10.4 | 107 | 105 | 107 
A eeereres ee ee ee | ol ny 96 
Methionine .......... a0 oe 1.1 | 3.1 | 0.0 | 103 92 100 
Phenylalanine...............] 3.8 | 5.5 | 4.8 | 5.0 | 93 | 104 | 102 
Se 4.6 6.0 | 15.9 | 16.9 | 104 | 104 | 101 
Serine... seereveee-| IL2 | 9.9 | 7.9 | 7.5 | 101 101 | 100 
Threonine... ...| 5.9 | 261 46 | 36 | 9 | 4 97 
Tryptophane ....| 8.6 | 0.69] 1.4 0.0 | 105 | 103 103 
Tyrosine.............. 2.1 46 | 4.5 §.2 | 4.5 | 97 | 99 
Valine | 3.7 3.9 5.8 | 6.1 105 99 101 


* Amino acids were added prior to hydrolysis in quantities approximately equal 
to those contained in the protein sample being hydrolyzed. 


collectively did not appear to differ from that of the non-essential amino 
acids. 

Similar results were obtained when the deficient amino acid was methio- 
nine*(Table III). After 15 days of depletion, mice fed 10 per cent of 
oxidized casein plus tryptophane and cystine (Series I) excreted 9.9 per 
cent of the ingested aspartic acid in the urine and 37.5 per cent of the 
ingested histidine; all other amino acids were excreted in intermediate 
percentages. In Series II the percentages of the different amino acids 
excreted ranged from 24.6 for glutamic acid to 86.5 per cent for histidine. 
Both in this and in other series the percentage excretion of amino acids 
fed in the free form (cystine and methionine or tryptophane) appeared 








274 AMINO ACIDS IN URINE 


to be higher than those for most of the amino acids fed combined as pro- 
tein, but. no particular significance was attached to this observation since 
the possibility existed that some free amino acid added to the diet may have 
been spilled in the metabolism cage and thus have contributed to the high 
urinary values observed. 


TaBLe II 


Amino Acids in Urine of Mice Fed Diet Low in Tryptophane (10 Per Cent Oxidized 
Casein Plus Methionine and Cystine) 


Series I* Series LIf | Series IIIt 





Amino acid 


Amino acid Amino acid gen F ; Ingested Ingested 

ingested excretec prenenthn preci yn 

mg. mg. per cent per cent per —_ 
Arginine sian eeckaier oa ; 11.02 1.70 15.4 14.5 17.9 
Aspartic acid... Laeeneseonuct Rn. kas 13.6 20.3 | 19.4 
Cystine..... : 1.90 (0.70) (36.8) (196.0) | (67.0) 
Glutamic acid pa Ae 11.80 5.97 14.3 19.3 | 17.8 
Histidine ; ‘ 4.56 2.20 48.3 16.4 71.0 
Isoleucine Rad 14.82 2.92 19.7 24.0 25.7 
Leucine 19.76 5.28 26.7 27.9 | 30.3 
Lysine. . 14.25 3.36 23.6 27.2 | 2.5 
Methionine 5.70 (1.72) (30.2) (50.0) (43.5) 
Phenylalanine 9.50 2.33 24.6 25.6 | 30.0 
Proline 32.11 $.10 12.8 15.5 19.1 
Serine 14.25 | 2.82 19.9 | 16.8 | 23.6 
Threonine i 6.84 2.90 | 42.5 | 45.5 | 40.7 

Tryptophane 0 0.15 | 

Tyrosine 8.55 1.80 21.0 | 22.2 | 24.9 
Valine 11.59 | 3.22 27.8 | 23.4 | 27.0 


The numbers in parentheses are not directly comparable to the other values, since 
it is possible that some of the free amino acids fed may have been spilled into the 


urine. 

*Series I was fed the low tryptophane diet for 15 days before the urine 
was collected. 

t Series II was fed the low tryptophane diet for 10 days, then fed the same diet 
plus tryptophane for 12 days, followed by the low tryptophane diet for 14 days before 


the urine collection was made. 
t Series III was fed the low tryptophane diet for 18 days before the urine collection 


was made. 


When oxidized casein was supplemented with methionine, tryptophane, 
and cystine, the excretion of all amino acids except those added in the 
free form was reduced to 10 per cent of the amount ingested or less (Table 
IV) and usually was about 5 per cent. In fact, the excretion of microbio- 
logically available amino acids was essentially the same on the properly 
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supplemented oxidized casein as when ordinary untreated casein was fed 
at a comparable percentage in the diet. This similarity suggested that 
the rise in the excretion of amino acids noted on the deficient diets contain- 
ing oxidized casein was due to the deficiency in an essential amino acid 
rather than to any inherent property of the oxidized casein. This was 


TaB_Le III 


Amino Acids in Urine of Mice Fed Diet Low in Methionine (10 Per Cent Oxidized 
Casein Plus Tryplophane and Cystine) 











Series I* Series It 

Amino acid , 7 4 Ingested | Ingested 

“ingested, | excreted | minoacid | amino acid 

et mg. mg. | percent | per cent 
IE Me os oa caouiaeiawas seve Se 1 oe 1.0 | 81.1 
ES 5s Kudnenwenans iy ais 14.11 | 1.40 9.9 | 26.6 
Cystine Sain Gal nde cla, Coes oe ee 1.70 (0.58) (34.1) (65.4) 
Glutamic acid we seovecseeee] S| S| B88 24.6 
ee Peer i OM RE Be 86.5 
SD safes ysessesevasess .....-{ 13.26 | 1.80 | 13.6 37.3 
Leucine re ee div wk ea nih te ae ee 17.68 | 3.25 18.4 42.4 
Lysine........ Ncwss aera weed 12.75 | 1.58 12.4 34.3 

eee ere 0.25 t 

Phenylalanine Sp dandicaed eae 8.50 1.50 17.7 42.5 
ae erm 28.73 | 3.60 12.5 25.9 
Serine , were oe he 12.4 31.4 
Threonine. ... : spy , 6.12 | 1.90 | 31.1 65.4 
Tryptophane a trial aichaand Mtoe J, 2.04 | (0.80) (39.2) (60.5) 
Tyrosine edeiceaak errs 15.7 36.8 
DOPE ei ecererecerersscrerecssesne| SOM | 1G 16.1 37.4 


The numbers in parentheses are not directly comparable to the other values, 
since it is possible that some of the free amino acids fed may have been spilled into 
the urine. 

*Series I was fed the low methionine diet for 15 days before the urine 
was collected. 

tSeries II was fed the low methionine diet for 18 days before the urine 
was collected. 

$0.25 mg. of methionine was found in the urine upon analysis, even though none 
was fed in the diet. 


further emphasized by the relatively high percentages of amino acids ex- 
creted in the urine when 10 per cent of arachin wasfed (Table V). Arachin 
contains only 1.1 per cent of methionine and when the arachin in the diet 
was 10 per cent, an average of only 3.5 mg. of methionine was ingested 
per mouse daily compared to 8.77 mg. in diets containing 10 per cent of 
casein. The arachin diet therefore represented an inadequacy of an essen- 
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tial amino acid rather than a complete deficiency. When the arachin diet 
was fed for only 15 days, most of the amino acids were excreted in relatively 
low amounts, but as the feeding period was prolonged, the excretion of 
amino acids increased until by 63 days the percentages of ingested acids 
appearing in the urine ranged from 8.8 for aspartic acid to 20.5 for lysine, 


TaBie IV 

Amino Acids in Urine of Mice Fed Ordinary Casein or Oxidized Casein Properly 
Supplemented (10 Per Cent Oxidized Casein Plus Methionine, 

Tryptophane, and Cystine) 














Supplemented oxidized Ordinary casein. 
casein. Series I* Series It 

Amino acid 2 — y . F " Seca | * % EE Fm 

Nngested | excreted. (Ai00 Acid “ingested | excreted [*MiNO aad 

mg. mg. per cent mg. meg. per cent 
Arginine... : ; ; 11.60 | 0.30 2.6 11.47 0.67 5.8 
Aspartic acid ; 16.60 0.83 ; 5.0 | 22.63 0.95 4.2 
Cystine 2.00 | (0.44) | (22.0) | 4.10 | (0.26) | (6.4) 
Glutamic acid 49.06 1.58 | 3.2 | 66.65 2.71 4.1 
Histidine , 4.80 | 0.48 10.0 9.30 0.83 8.9 
Isoleucine ' 15.60 0.67 |. 4.3 | 26.66 1.34 5.0 
Leucine 20.80 | 1.01 | 1.9 29.72 1.01 3.4 
Lysine 15.00 | 0.47 3.1 | 20.77 1.25 | 6.0 
Methionine 6.30 | (0.53) | (8.4) | 8.77 | 0.28 | 3.2 
Phenylalanine 10.00 | 0.53 | 5.3 | 14.88 0.86 5.8 
Proline 33.80 | 0.94 2.8 | 49.29 1.82 | 3.7 
Serine : 15.00 | 0.63 4.2 | 24.49 1.46 | 6.0 
Threonine 7.20 0.50 7.0 | 14.26 1.00 7.1 
Tryptophane ; 2.52 | (0.33) | (13.2) 4.34 0.20 4.6 
Tyrosine 9.00 0.44 4.9 16.12 0.92 5.7 
Valine... ..| 12.20 | 0.50 4.1 17.98 0.91 5.1 





The numbers in parentheses are not directly comparable to the other values, since 
it is possible that some of the free amino acids fed may have been spilled into the 
urine. 

* Series I, fed the supplemented oxidized casein diet for 15 days before the urine 


collection was made. 
t Series I, fed the ordinary casein diet for 44 days before the urine collection 


was made. 


When fibrin was fed as 20 per cent of the diet, the percentage excretion of 
all amino acids into the urine was low (Table VI). 

Bound Amino Acids in Urine—Previous experiments (1) on urine from 
mice fed different levels of casein indicated that at least half of the amino 
acids in the urine existed in a combined form. In the present study, 
representative samples of urine from mice fed the various diets were hydro- 
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lyzed with 10 per cent HCl for 5 hours at 15 pounds pressure, and deter- 
minations were made of the a-NH-N by the copper method (12, 13), 
while histidine, threonine, arginine, and valine were determined micro- 
biologically by the methods previously employed on unhydrolyzed urine. 
In line with previous results, roughly one-half of the amino acids existed 
in a bound form in the specimens of urine from mice fed complete proteins 


TaBLe V 
Amino Acids in Urine of Mice Fed 10 Per Cent Arachin Diet 




















Series Ia* Series Ibt | Series Ict 
Amino acid sala: 22] Ingested | Ingested | Ingested 
Nngested | excreted. | “miso acid | amino acd | amino acd 
mg. mg. per cent per cent per cent 
stax ewssevevenvencmans 35.20 1.01 2.9 4.0 11.8 
Mapattie acid.............c.c2e0e. 44.80 0.94 2.1 2.2 8.8 
CGD EA Ahad ers +¢enaeauws 6.08 (0.71) (11.7) (42.0) (33.4) 
Glutamic acid...... stcius wiscahetea ae 69.12 1.97 2.6 2.4 10.0 
a SIRES Enea ene eve 8.32 0.48 5.8 5.0 18.6 
Isoleucine............ 21.12 0.40 1.9 2.5 12.2 
es 2 5.6 6h une mime oe wale 22.08 0.73 3.3 4.2 10.1 
eee 5.76 0.16 2.8 3.5 20.5 
Ns oh cai tha smeaubW eaak 3.52 0.13 3.7 5.0 10.0 
Aire tin RACugpiin ech 17.60 0:54 3.1 3.3 
Sires kiamwecaeenee 19.20 0.60 3.1 2.6 13.1 
NT os eS ks vince manasa 31.68 0.61 1.9 2.9 
SN bv sec ceesews is oe ony 8.32 0.20 2.4 3.4 13.5 
Tryptophane............. eee 3.80 0.04 1.0 1.6 
rr ee 0.59 4.1 3.5 18.9 
I. ois aleruresd Grats ateigicas 12.48 0.32 2.5 3.5 15.7 

















The numbers in parentheses are not directly comparable to the other values, since 
it is possible that some of the free amino acids fed may have been spilled into the 
urine. 

*Series Ia was fed the arachin diet for 15 days before the urine collection was 
made. 

t Series Ib was fed the arachin diet for 18 days before the urine collection was 
made. 

t Series Ic was fed the arachin diet for 63 days before the urine collection was 


made. 


such as fibrin, casein, or oxidized casein properly supplemented (Table VII). 
Urine from mice fed incomplete proteins contained approximately the same 
amounts of bound amino acids as normal urine, but since the abnormal 
urines contained greatly increased amounts of “free’”’ amino acids, the per- 
centages of the total existing in the bound form were relatively low, 11 
© 16 per cent for the sample excreted on deficient diets compared to 48 
to 57 per cent excreted on complete proteins (Table VII). 
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Microbiological determinations of four representative amino acids jp 
the urine before and after hydrolysis tended to confirm the general conely. 
sions from determinations of a-NH.-N (Table VIII). Although there 
were fairly wide variations noted in the percentages of the four amino acids 
excreted in the bound form on the various diets, the total amounts excreted 
were usually lowest on the fibrin diet. Neither arginine nor valine was 
present in the bound form in the urine excreted on diets deficient in methio- 























TaBLe VI 
Amino Acids in Urine of Mice Fed 20 Per Cent Fibrin Diet 
Series Ia* | Series Ibt 
ee | Amino acid Amino acid Ingested Ingested 
ingested excreted —— wn 
mg. mg. per cent per cent 
Oia os cv ccseccevcesevevesevsneses | 33.59 0.27 | O.8 | 1.3 
ENS 06044ccnnpesceneneaweneba | 76.57 1.01 1.4 | 1.0 
Re eiancdui-ueteaonnbennients | 11.36 | (0.65) | (5.7) | (6.9) 
OS EF re ee ee | 64.22 1.22 1.9 | 37 
Histidine....... oF Peet Se se eeeees! 12.35 0.67 | 5.4 | 7.2 
Isoleucine | 37.54 0.55 1.5 | odd 
Leucine......... : : siesta ..| 33.10 | 0.55 | 1.7 7 
Ey oe alenvatens | 33.59 | 0.75 | 22 | Is 
Methionine...... be danswnwsacntakine tee 2 ae, <a ee ee 
Phenylalanine............ | 18.77 0.40 | 2.1 | aa 
Proline....... itn Dain ee ell lhe? oe 
re eiakaschoceeneeen ae, |). 1.1 | 2.2 
Threonine viden ct vata | 29.15 | 0.70 24 | 
Tryptophane......... eee 0.30 1.7 | 
0s 5s dbase atiink an Cun soaen .-| 22.72 | 0.27 1.2 
MNS 2he5 hoe cciddeidaso arenes ebeuss 18.28 | 0.33 1.8 








The numbers in parentheses are not directly comparable to the other values, 
since it is possible that some of the free amino acids fed may have been spilled into 
the urine. 

* Series Ia was fed the fibrin diet for 44 days before the urine was collected. 

t Series Ib was fed the fibrin diet for 16 days before the urine was collected. 





nine; furthermore, bound arginine was absent when tryptophane was miss- 
ing from the diet. Bound arginine was present in the urine on the diets 
containing ordinary casein and the amounts were particularly high when 
fibrin was fed (Table VIII). This might suggest that arginine normally 
appears in mouse urine combined with methionine or tryptophane. How- 
ever, a much more thorough study of the responses of microorganisms to 
various peptides will have to be made before valid conclusions can be drawn 
on the nature of the peptides in urine. 
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Taste VII 
Ereretion of ‘Free’ and ‘‘ Bound” a-NH;-N in Urine by Mice Fed Various Proteins 
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NH2-N excreted NHs-N excreted 
| x | Munmeday | Boung | "ingested | Nile | Percent 
Diet ingested, ——————| bal ee “bound” 
| | U2. |Hydro-|'"""™™®| | Un- | rydro-| fagested | fr 
hydro- | lyzed | hydro- lyzed 
lyzed | lyzed 
Oxidized casein, no me- | 20.3 | 5.77 | 6.50 | 0.73 | 0.250) 0.282] 0.032 1 
thionine 
Oxidized casein, notryp- | 30.4 | 4.92 | 5.78 | 0.86 | 0.162) 0.190) 0.028 16 
tophane 
Oxidized casein; sup- | 32.0 | 1.13 | 2.06 | 0.93 | 0.035) 0.064} 0.029 48 
plemented 
Ordinary casein 45.3 | 1.30 | 2.96 | 1.66 | 0.029) 0.065) 0.036 57 
Fibrin 80.0 | 0.58 | 1.15 | 0.57 | 0.007) 0.014} 0.007 52 
Arachin 32.0 | 4.82 | 5.53 | 0.71 | 0.150! 0.173] 0.023 13 
Taste VIII 
Urinary Excretion of ‘‘Free’’ and ‘‘ Bound’? Amino Acids by Mice Fed Various Diets 
Histidine excreted daily Threonine excreted daily 
= dual in Se pt. 8 
Diet Un- 3 “bound” | Un- =e “bound” 
tga |"oed | 6 | form [hyde eer | 8 | form 
mg. mg. mg. mg. mg. mg 
Oxidized casein, no me- | 1.3 | 2.1 | 0.8 38 4.3 |5.0 | 0.7 14 
thionine 
Oxidized casein, notryp- | 1.4 | 1.8 | 0.4 22 3.9 | 4.3 | 0.4 9 
tophane 
Oxidized casein; supple- | 0.33 | 0.50 | 0.17 34 0.82 | 1.6 | 0.78 49 
mented 
Ordinary casein 0.23 | 0.70 | 0.47 67 0.90 | 2.1 | 1.2 57 
Fibrin 0.15 | 0.33 | 0.18 55 0.45 | 0.72 | 0.27 38 
Arachin 1.0 /1.3 | 0.3 23 1.9 |3.2 | 1.3 41 
Arginine Valine 
Oxidized casein, no me- | 3.9 | 3.7 | 0 0 2.1 | 2.1 | 0 0 
thionine 
Oxidized casein, notryp- | 3.2 | 3.2 | 0 0 2.3 | 3.0 | 0.7 23 
tophane 
Oxidized casein; supple- | 0.50 | 0.60 | 0.10 17 0.30 | 0.73 | 0.43 59 
mented 
Ordinary casein 0.66 | 1.2 | 0.54 45 0.70) 1.7 | 1.0 59 
Fibrin 0.28} 1.6 | 1.32 83 9.64 | 0.75 | 0.11 15 
Arachin 2.3 | 2.4 4 2.4 |6.0 | 3.6 60 
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DISCUSSION 


Normally, amino acids in the blood can be prevented from appearing 


in the urine by one or more of the following processes: (a) by the incor. | 


poration of the amino acids into the tissues for the synthesis of proteins 
and other substances; (b) by the destruction of amino acids through de. 


amination, transamination, or other reactions; (c) by the kidney barrier. 
If any one of these processes were completely effective, no amino acids | 


would appear in the urine. 


Process (a) is limited even under optimal conditions of nutrition, for the | 


tissues do not accumulate protein indefinitely. When an essential amino 
acid is missing from the diet, the synthesis of protein, even for replace. 
ment purposes, is curtailed severely for lack of an essential building block, 
and instead of passing from the blood stream into the tissues, amino acids 
pass from the tissues into the blood stream. Process (6) appears to be 
limited in the mouse, for when the percentage of casein in the diet is raised 
from 10 per cent to 50 per cent, the amounts of the various amino acids 
excreted in the urine also increase 5-fold (1). This latter observation fur. 
ther indicates that the kidney is not a particularly effective barrier against 
the transfer of amino acids from the blood of the mouse to the urine; 
in other words, process (c) is only partially effective. 

In the absence of an essential amino acid, there is not only a failure of 


protein synthesis, but there may also be an impairment in the mechanisms | 


by which amino acids are destroyed in the body. ‘The amounts destroyed 
can be estimated from representative data as follows: Mice on the diet 
free from methionine ate 1.27 gm. of food daily, equivalent to 127 mg. 
of protein. They lost weight at a rate of 0.20 gm. per day, equivalent to 
40 mg. of protein, if it is assumed that one-fifth of the lost weight is protein. 
(Qualitatively the results will be similar whether the increments of weight 
lost or gained are assumed to be 10 or 30 per cent of protein.) The amounts 
of amino acids entering the blood stream daily are therefore 127 + 40 
mg. = 167 mg. 57.2 mg. were excreted in the urine as free acids or pep- 
tides, leaving 110 mg. destroyed daily. Similar calculations, applied to 
data from animals deficient in tryptophane, indicate a destruction of 
179 mg. of amino acids daily. 

When both tryptophane and methionine were fed in addition to 10 
per cent of oxidized casein, a typical daily intake was 210 mg. of protein, 
with a gain in weight of 0.1 gm. daily, equivalent to an estimated absorp- 
tion of 20 mg. of amino acids daily by the tissues. Since 20 mg. of amino 
acids were excreted daily, the amounts destroyed were 210 — (20 + 20) 
= 170 mg. 

Thus, the amounts of the amino acids destroyed daily appear to be 
essentially of the same order of magnitude whether a “complete” diet is 








pearing 
 Incor- 
roteins 
igh de- 
barrier, 
D acids 


for the 
amino 
eplace- 
- block, 
0 acids 
3 to be 
3 raised 
0 acids 
on fur- 
against 
urine; 


lure of 


anisms | 


stroyed 
he diet 
27 mg. 
lent to 
yrotein. 
weight 
mounts 
4 40 
or pep- 
lied to 
tion of 


. to 10 
protein, 
absorp- 
amino 

+ 2%) 


r to be 
' diet is 





PEARCE, SAUBERLICH, AND BAUMANN 281 


fed on which there is a gain in weight, or an incomplete diet on which 
weight is lost. Nevertheless, the amounts of amino acids excreted on the 
incomplete diet are at least double those on the complete diet, 40 to 55 
mg. per day versus 20 mg. By way of contrast, it can be calculated that 
normal mice fed a diet containing 50 per cent of casein destroy nearly 1500 
mg. of amino acids daily. Thus the extra amino acids excreted on the defi- 
cient diets represent acids that would have been destroyed had the diet 
been complete. The implication is that the enzyme systems that normally 
destroy amino acids are impaired on the deficient dietary regimens. Quite 
another possibility is that the reabsorption of amino acids in the kidney 
is impaired on the incomplete diets. 

Presumably, deficiencies in other essential amino acids would likewise 
result in a general increase in the excretion of amino acids by the mouse. 
The possibility also suggests itself that deficiencies in vitamins might affect 
amino acid excretion. Very little information has been published on this 
point, although it appears to be well established that pathological condi- 
tions involving liver damage can be accompanied by increases in the 
a-NH:-N content of the urine (14). Kaplanskii et al. (15) noted that 
patients having injuries of the peripheral nervous system accompanied 
by severe pain excreted increased amounts of keto acids and amino acids 
in the urine, and that the administration of large doses of vitamin B, 
returned the excretion toa normal level. In a previous study in this labora- 
tory, mice deprived of vitamin Bs excreted normal amounts of tryptophane 
in the urine (16), but that excretion would appear to be abnormally high 
if the xanthurenic acid excreted, equivalent to 10 to 24 per cent of the 
tryptophane ingested (17), were also considered as excreted tryptophane. 
A high excretion of amino acids was reported in 1925 in urine from human 
subjects fed large amounts of wheat (18). This might parallel the present 
high excretion of amino acids by mice fed proteins of inferior biological 
value. 


SUMMARY 


1. Mice fed diets containing incomplete proteins (oxidized casein plus 
cystine and either tryptophane or methionine) excreted from 9.9 to86.5 
per cent of the ingested amino acids in the urine in microbiologically avail- 
able form. The mean excretion was 24.5 per cent. 

2. On complete proteins, such as casein, fibrin, or oxidized casein sup- 
plemented with cystine, tryptophane, and methionine, the different amino 
acids excreted ranged from 0.5 to 10.0 per cent, with a mean of only 2.9 
per cent. 

3. Urines from mice on either type of protein contained approximately 
the same amount of peptides. Relatively, however, a much higher per- 
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centage of the urinary amino acids was microbiologically available on 


incomplete proteins than when complete proteins were fed. 
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THE ROLE OF VITAMIN B, IN THE SYNTHESIS OF TRYP- 
TOPHANE FROM INDOLE AND ANTHRANILIC 
ACID BY LACTOBACILLUS ARABINOSUS* 


By B. 8. SCHWEIGERT 


(From the Nutrition Laboratory, Agricultural Experiment Station and School of 
Agriculture, Agricultural and Mechanical College of Texas, 
College Station) 


a (Received for publication, January 7, 1947) 
+“ | Lactobacillus arabinosus has the ability to synthesize several amino acids 
"| when adequate quantities of vitamin Bs are included in the medium (1, 2); 
however, the requirement of this organism for tryptophane is apparently 
1945). not affected by the addition of vitamin Bg (2). Earlier studies showed that 
indole and anthranilic acid have appreciable tryptophane activity for L. 
arabinosus (3-7) but not for Streptococcus faecalis R (3,7). Serine enhanced 
Nev. the activity of indole for L. arabinosus when tested with a purified amino 
acid medium, but no increase in the tryptophane activity was noted when 
J. Ay | — serine was added to a casein hydrolysate medium (7). Tatum and asso- 


ciates (8-10) have observed that serine is necessary for the synthesis of 
tryptophane from indole by certain Neurospora mutants, while Umbreit 
et al. (11) have shown that pyridoxal phosphate functions as a coenzyme 
for Neurospora in the synthesis of tryptophane from indole. 

In the present study the influence of pyridoxine, pyridoxal, and pyri- 
doxamine and other constituents of the medium on the biosynthesis of 
tryptophane from indole and anthranilic acid by Lactobacillus arabinosus 


was investigated. 





EXPERIMENTAL AND RESULTS 


A purified amino acid medium (12) and a casein hydrolysate medium 
supplemented with cystine (7) and lacking in tryptophane were used. In 
the present study synthetic Lactobacillus casei factor was also added to 
both media at a level of 0.02 y per tube and /-proline was added to the puri- 
fied amino acid medium at a level of 0.5 mg. per tube. In some tests the 
acetate buffer was replaced by a phosphate buffer (1 mm of KH,PO, (2) 
and 10 mg. of sodium acetate (13) per tube). The microbiological tests 
were conducted by incubating the assays for 72 hours at 37° and the acid 


*I wish to thank Frances Panzer for technical assistance; Merck and Company, 
Inc., for supplies of pyridoxal and pyridoxamine hydrochloride, the Dow Chemical 
Company and Merck and Company, Inc., for some of the amino acids used in this 
study, and the Lederle Laboratories, Inc., for synthetic Lactobacillus casei factor 
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production determined titrimetrically (bromothymol blue indicator). 
When the phosphate buffer was used, the titrations were carried out with 
a pH meter. 

The tryptophane activity of indole and anthranilic acid was calculated 
from the tryptophane curves obtained with each assay. When variations 
in the basal media were made, a tryptophane curve was included with each 
change in the media and the activity of the compounds tested determined 
from the respective tryptophane curves. In all cases the activity of in- 
dole and anthranilic acid is expressed as the per cent tryptophane activity 
on a molar basis. 

Influence of Pyridoxine, Serine, and Acctate—The first experiments were 
conducted to determine the effect of pyridoxine on the tryptophane activity 
of indole and anthranilic acid. Indole and anthranilic acid at concentra- 
tions of 2.5 to 10 y per tube were used and the effect of adding Oand 20 y of 
pyridoxine hydrochloride determined. The influence of serine (1 mg. 
per tube of the di isomer) tested with the acetate and phosphate buffers 
was also determined. The results of these experiments are shownin Tablel. 

It can readily be seen that pyridoxine has a marked effect on the ability 
of Lactobacillus arabinosus to utilize either indole or anthranilic acid as a 
source of tryptophane. With the purified amino acid medium and an 
acetate buffer, less than 5 per cent activity was observed for indole without 
pyridoxine and 91 per cent tryptophane activity with pyridoxine. The 
activity was appreciably higher when an acetate buffer was used compared 
to that observed with the phosphate buffer, suggesting that acetate as well 
as serine is involved in the synthesis of tryptophane. The higher activity 
obtained with the casein hydrolysate medium compared: to that 
obtained with the purified amino acid medium substantiates an earlier 
observation (7). 

The presence or absence of vitamin Bs in the medium did not have any 
significant effect on the acid production with the tryptophane standard. 
Similarly, no effect of the presence or absence of serine could be detected 
with tryptophane. 

In the absence of added pyridoxine, appreciable amounts of trypto- 
phane were formed from indole and anthranilic acid with the casein hy- 
drolysate medium, while little or none was formed when the purified amino 
acid medium was used. This suggested that small amounts of vitamin Bs 
present in the casein hydrolysate could account for this difference in trypto- 
phane activity. Furthermore in earlier work (7) only 2 y of pyridoxine 
were used and a 25 per cent lower activity was observed for indole than was 
obtained in the present work with 20 y of pyridoxine. 

Detailed data from a typical experiment on the effect of graded levels 
of indole and anthranilie acid tested with an acetate buffer and a phosphate 
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buffer are shown in Table II. The differences in the activity obtained with 
the two media are readily apparent. Also, the activity tends to be lower 
at the higher test levels of indole and anthranilic acid with the phosphate 
medium. 


TABLE I 


Effect of Pyridoxine on Tryptophane Activity of Indole and Anthranilic Acid for 
Lactobacillus arabinosus 





All values expressed as per cent tryptophane activity on a molar basis. 





Indole | Anthranilic acid 
Medium used* | 
Plus pyri- | No | Plus pyri- | No 
doxinet pyridoxine | doxinet pyridoxine 
A (acetate) 1 | <5 | 38 | <& 
ua ain + serine) / 100 <6 | 
“ (phosphate ) 39 | <5 | 2 <5 
“| o + serine) 54 <5 | 
B (acetate) 105 | 41 | 6 | 
“ (phosphate) 85 41 43 25 





* Medium A, purified amino acid medium; Medium B, casein hydrolysate medium 
plus cystine. 
t 20 y per tube of pyridoxine hydrochloride were used. 








TABLE II 
Effect of Level of Indole and Anthranilic Acid and Buffer Used on Tryptophane 
Activity* 
Acetate buffer | Phosphate buffer 
% ares mS fh ~~ Anthranilic oat fa _—r | - Anthranilic acid 4 
¥ per tube 
2.5 | 10 | 65 9 | 56 
2.5 105 69 98 48 
5.0 103 66 86 40 
5.0 | 102 67 86 40 
7.5 100 55 75 42 
7.5 98 60 77 41 
10.0 / 100 | 59 | 72 36 
10.0 100 56 80 38 


*In these tests a casein hydrolysate medium plus cystine was used and 20 y of 
pytidoxine hydrochloride were added per tube. 


Comparative Effects of Pyridoxine, Pyridoxal, and Pyridoxamine—A 
series of experiments was conducted with indole and anthranilie acid in 
which pyridoxine was added at levels which ranged from 0 to 40 y per tube. 
Indole and anthranilic acid were added at levels of 5 y per tube and the 
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per cent tryptophane activity observed. The activity increased with 
higher levels of pyridoxine and reached a maximum with 15 to 20 ¥ of 
pyridoxine added per tube. Experiments were then conducted with pyri- 
doxine, pyridoxal, and pyridoxamine and the results are shown in Table 
III. The latter two vitamin Bg derivatives were much more active than 
pyridoxine, which ‘is in agreement with their relative activities for other 
metabolic reactions (14, 15). Pyridoxamine was somewhat more active 
than pyridoxal. Similar tests conducted with anthranilic acid showed that 


TaBLe III 


Relative Effects of Pyridoxine, Pyridozal, and Pyridozamine on Tryptophane Activity 
of Indole 


An acetate buffer was used with the purified amino acid medium. 5 y¥ of indole 
were added per tube. Pyridoxal, pyridoxine, and pyridoxamine were added as the 
hydrochloride. The amounts indicated are not calculated back to the free base. 



































Pyridoxine | T*yPtophane Pyridoxal | —— | Pyridoxamine | T*yptophane 
Autoclaved with medium 
¥ per tube | per cent y per tube | per cent y per tube per cent 
0.5 10 0.005 7 0.005 49 
1 13 0.01 14 0.01 72 
2 28 0.02 63 0.02 99 
5 51 0.05 75 0.05 114 
10 72 0.1 83 0.1 116 
20 87 0.5 113 0.5 107 
40 85 1.0 107 1.0 116 
Added to medium after autoclaving 
1° 3 0.00 | 49 0.005 | 65 
2 | 10 0.01 73 ~«#«|~3=«(0.01 83 
5 | 29 | 0,02 101 =| ~S(0.02 103 
10 45 | 0.05 - 99 | (0.05 | 107 
15 | 55 0.1 99 0.1 ' 100 
2 | 8 | | | | 
. | 6 | | | | 





the comparative effectiveness of pyridoxine, pyridoxal, and pyridoxamine 
was approximately the same as that for indole. 

As in the first experiments, occasionally a low activity (less than 10 per 
cent) was observed when no vitamin Bz had been added. In these cases, 
this amount was subtracted from the value obtained at any level of vitamin 
Be derivative in order to express all data on a comparable basis. 

Since pyridoxine has been shown to be converted to some extent to 


“‘pseudopyridoxine,” now known as pyridoxal and pyridoxamine, by hest- | 
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ing with amino and keto acids (16-19), other experiments were carried out 
in which the vitamin was sterilized separately and graded quantities added 
to the medium after autoclaving. As was expected, the effectiveness of 
pyridoxine was greatly reduced (Table III). Pyridoxal and pyridoxamine 
were more active, which would suggest that either they are converted to 
some extent to pyridoxine during autoclaving or are partially inactivated. 
These data offer further evidence that pyridoxal and pyridoxamine fune- 
tion most effectively in the transformation of indole to tryptophane. 

The activity observed for indole was frequently over 100 per cent of the 
theoretical. This suggests that Lactobacillus arabinosus has a limited 
capacity to synthesize the indole nucleus under certain conditions. This 
observation has also been reported by others (4, 5). The variability in 
tryptophane activity of indole reported by various investigators (3-7) can 
apparently be explained by the fact that different levels of pyridoxine were 
used in the basal media. 


DISCUSSION 


These studies demonstrate another metabolic process in which vitamin 
By functions. Umbreit and associates (11) have recently demonstrated 
a marked increase in the activity of a cell-free preparation of Neurospora 
for the transformation of indole to tryptophane when pyridoxal phosphate 
was added. Thus, vitamin Bs appears to function in a similar manner for 
both Lactobacillus arabinosus and Neurospora in this synthesis. 

The actual pathways by which anthranilic acid and indole are converted 
to tryptophane are unknown. The effects of serine and acetate suggest 
that they may serve, at least in part, as constituents of the side chain of 
tryptophane. Lyman (2) has shown that acetate and CO, favor the syn- 
thesis of other amino acids by Lactobacillus arabinosus. The effect of 
other amino acids, such as glycine, as well as the effect of CO, may afford 
additional information on the pathways of tryptophane synthesis from in- 
dole and anthranilic acid by this organism. 


SUMMARY 


1. Vitamin Bs is necessary for the metabolic conversion of indole and 
anthranilic acid to tryptophane by Lactobacillus arabinosus. 

2. Pyridoxal and pyridoxamine are much more active than pyridoxine 
for this transformation. The influence of pyridoxal and pyridoxamine 
was increased when added to the medium after autoclaving, while that 
of pyridoxine was decreased. 

3. Serine and acetate appear to increase the activity of indole and an- 
thranilic acid. 
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THE COMPOSITION OF FLAXSEED MUCILAGE* 


By ERNEST ANDERSON anv HARRY J. LOWE 


(From the University of Arizona, Tucson) 
(Received for publication, January 20, 1947) 


Flaxseed mucilage contains d-galacturonic acid, l-rhamnose, /-galactose, 
and d-xylose. On partial hydrolysis it yields an aldobionie acid in which 
the d-galacturonic acid is attached by a 1:2 linkage to /-rhamnose (1-7). 
Neville (2) prepared the mucilage in yields as high as 6.3 per cent. He 
described it as a white powder with [a]? = +10.79°, giving by alkaline 
titration an equivalent weight of 710. He reported that the ash contained 
calcium, potassium, magnesium, iron, and phosphorus. Tipson, Christ- 
man, and Levene (6) found that when the viscous mucilaginous solution is 
heated for a short time in a boiling 1 per cent solution of hydrochloric acid 
the viseosity decreases greatly and the solution can be filtered rapidly 
through cloth. They prepared the ash-free mucilage by this procedure. 

This investigation is an attempt to determine the percentages of the 
various constituents in the mucilage and the order in which they are lib- 
erated during hydrolysis. 


EXPERIMENTAL 


Preparation of the Mucilage—The unchanged mucilage was prepared 
from freshly cleaned flaxseed as described by Neville (2, 7). When the 
thick extract was poured into 5 volumes of ethanol without stirring, a white 
fibrous mass soon rose to the surface, leaving the heavier impurities below. 
This mass was lifted out and added to fresh ethanol and later filtered at 
the pump. It was washed with ethanol and ether and dried rapidly in 
vacuo. ; 

The ash-free mucilage, or linseed acid, was prepared rapidly and easily 
directly from flaxseed by a slight modification of the procedure of Tipson, 
Christman, and Levene (6). Clean flaxseed was mixed in a large flask 
with 4 times its weight of water and allowed to stand for 24 hours. The 
mixture was then heated in a bath of boiling water until the temperature 
inside the flask was 80°. Sufficient concentrated hydrochloric acid, mixed 
with 2 volumes of water, was then added to make the solution 2 per cent 
acid and the heating at 80° was continued for 3 minutes. The hot solution 
was filtered rapidly, at the pump, through several layers of cloth and the 
seed was washed twice with water. The filtrate was immediately added 


*This investigation was carried out during 1943-45 while Harry J. Lowe was 
studying for the degree of Master of Science. 
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to 5 volumes of ethanol and the product isolated as previously described. 
The yield was 5.8 per cent of white, fluffy linseed acid. On standing, an 
additional 0.4 per cent settled out of the alcohol. However, it was higher 
in ash and poorer in quality than the main preparation. 

Analysis of Flaxseed Mucilage and Its Acid—The mucilage and its free 
acid were analyzed for ash, uronic acid anhydride, xylan, rhamnosan, ga- 
lactan, [a]?°, and the equivalent weights were calculated from the per 
cent uronic anhydride and determined by alkaline titration of the free acid, 
The results of the analyses are given in Table I. Most of the de- 
terminations were made by standard methods and need not be described. 
Xylan and rhamnosan were determined from the phloroglucides by the 
method of Tollens and Ellett (8). Many investigators have been unable 
to obtain satisfactory results with this method. It does not seem sound 
theoretically, since it is based on the assumption that mixed phloroglucides 
of furfural and methy! furfural are not formed when a mixture of the two 
furfurals is treated with phloroglucinol. The formation of plastics by 
phenols and various furfurals suggests that this assumption may not be 
correct (9). In the present investigation extraction of the phloroglucides 
with 95 per cent ethanol in the Tollens-Ellett procedure left large amounts 
of rhamnosan phloroglucide undissolved. This would be expected if 
mixed phloroglucides of the two furfurals, similar to plastics, were formed 
when phloroglucinol is added to a mixture of the two furfurals. When the 
galactan in linseed acid and the salts of the aldotrionic acids were deter- 
mined by oxidation to mucic acid with nitric acid as directed by van der 
Haar (10), exactly 1 mole of galactan was in each case obtained for each 
equivalent weight of the acid that was being oxidized. When the per cent 
galactan was calculated by difference between 100 and the sum of the other 
percentages, it agreed closely with the experimental determination. The 
mucic acid must come in part from d-galacturonic acid and in part from the 
l-galactose since it is known that neither of these, when in combination, 
is oxidized quantitatively by nitric acid to mucic acid. 

Comments on Table I—The results are calculated to the ash-free basis. 

During the investigation many preparations of the mucilage and the free 
acid were analyzed. These materials cannot be purified in the usual sense 
of the word. When they are hydrolyzed by heating with a dilute acid, 
varying amounts of an insoluble residue remain. This consists in part of 
polymerized furfural and in part of materials that passed into colloidal 
solution during extraction of the seed and were precipitated with the 
mucilage. The equivalent weight of different preparations of the mucilage 
varied considerably, depending on how clean the seed was and how much of 
this foreign material was present. The high equivalent weight, 731, of 
this sample of mucilage is due to the presence of these impurities. Much 
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bed. of this foreign material is removed by conversion to the free acid, since the 
an equivalent weight of the acid, 639, is near the theoretical equivalent weight, 
sher 634. If the percentages of uronic acid and xylan plus rhamnosan, 26.4 


and 39.6, in the mucilage are corrected for this foreign material, they 
free become 30.46 and 45.66, which approximate the theoretical percentages of 





























, ga- the free acid. 
per Difficulty was met in getting checks in the uronic acid termination both 
veid., of the mucilage and of the free acid. 
de- | 
bed. | TaBLe I 
the Analysis of Flaxseed Mucilage and Its Free Acid 
able Mucilage Free acid 
yund Found values 
rides eel —— ol Theory 
two (2) (b) 
. (- _—= a 0.87 0.91 | 0.00 
t be Th ono one sae annnasenten 6.02 6.94 6.88 6.94 
“ides aa ccesesevtasevevandte 26.40 30.46 30.33 30.60 
~ | Reeser 27.20 | 31.36 | 32.55 | 20.82 
d if ER cc anoksss deneasedutess 12.40 14.30 11.75 23.03 
Xylan + rhamnosan, %............... 39.60 45.66 44.30 43.85 
med Equivalent weight from CO;........... 731 634 639.00 | 634.00 
1 the “ “by titration........ 653.00 634.00 
eter- lalp, degrees.................0. 202.0204] $10.78F | 412.08 | +11.9 
: der Insoluble residue, %................... 1.76 0 
each Galactan by difference, Ge tes an euue ee 23.88 23.61 25.55 
aiid “ to rrr 29.30 25.55 
ther * The data in column (a) multiplied by 731/634 give the values in column (6). 
The t This value was reported by Neville (2) for a mucilage with an equivalent weight 
n the 710. 
tion, P 
The per cent xylan was always much higher and of rhamnosan much 
m lower than the theory. However, the sum of these two percentages found 
fons checked closely the theoretical sum of the two. It may be that when 
ae. phloroglucinol is added to a mixture of the two furfurals mixed phlo- 
eal roglucides are formed which cannot be separated by extraction with 95 
rt of percent ethanol. Since, as will be shown later, the aldotrionic acid formed 
oidal by partial hydrolysis of the mucilage contains 1 mole of rhamnosan for each 
the equivalent weight and approximately 1 mole of xylan was hydrolyzed off, 
‘lage itappears that in the linseed acid the xylan and rhamnosan are present in 
ch of molecular proportions. 
1, of The mucilage is chiefly the calcium salt of linseed acid. Its equivalent 
uch | Weight should be 654. The [a]> found for the mucilage was reported by 
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Neville to be +10.78° and the equivalent weight 710. This would cor. 
respond to [a]>> = +12.08° for the linseed acid, which was found experi- 
mentally to be +11.9°. 

Since crystalline d-xylose, /-galactose, and /-rhamnose were repeatedly 
obtained from the sugar syrups and no evidence of any other sugars was 
obtained, the results summarized in Table I, together with those given 
later in Table IT, indicate strongly that the ash-free mucilage or linseed acid 
is composed of molar equivalents of d-galacturonic acid and each of the 
above three sugars. 

Tests for Other Sugars—Non-crystalline sugar syrups obtained after 
heating the mucilage for 10 hours with a 4 per cent solution of sulfuric 
acid and removal of some crystalline d-xylose and /-galactose did not fer- 
ment when treated with ordinary yeast and gave no mannose phenylhydra- 
zone when treated with phenylhydrazine in the cold. These syrups still 
contained large amounts of d-xylose and /-galactose as shown by the Ber- 
trand and mucic acid tests. Also the non-crystalline syrup remaining 
after isolation of l-galactose from the aldotrionic acid showed no fermenta- 
tion with ordinary yeast but did give the mucic acid test for galactose. 
The common sugars fermentable by ordinary yeast are thus absent. No 
positive evidence of any sugar, except the three already described, has been 
obtained. 

Hydrolysis of Mucilage—Previous work (3) has shown that /-rhamnose is 
attached directly to the d-galacturonic acid and is the last sugar liberated 
during hydrolysis of the mucilage. To determine which sugar is first 
liberated the mucilage was fractionally hydrolyzed and the free sugar sep- 
arated from the resulting aldotrionic acid. During these fractional 
hydrolyses it was not possible to liberate all of the first sugar that is freed 
and none of the second sugar. Mixtures of sugar acids result, some con- 
taining all three sugars, some with two sugars attached, and some with 
only the /-rhamnose. Furthermore when a bivalent metal such as barium 
is used, mixed salts containing two different acid radicals attached to the 
same positive ion are precipitated by addition of alcohol. After many 
fractional hydrolyses, the following procedures showed that d-xylose is the 
first sugar liberated and that the aldotrionic acid consists of d-galacturonic 
acid, l-rhamnose, and [-galactose. 

Hydrolysis with Sulfuric Acid and Isolation of d-Xylose—At different 
times several lots of linseed acid were dissolved in 24 times their weight of a 
4 per cent solution of sulfuric acid and heated to 80° for 4 hours. After 
neutralization with barium carbonate, the solutions were filtered from 
barium sulfate and the filtrates were concentrated in vacuo. The barium 
salts were separated from the sugar by precipitation with alcohol. The 
salts were purified by dissolving in water and reprecipitating with alcohol. 
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The alcohol solutions of the sugars were concentrated in vacuo and freed 
of small amounts of salts by addition of alcohol. When the sugar syrups 
were dissolved in glacial acetic acid, crystalline d-xylose was obtained in all 
eases. On analysis, the barium salts showed equivalent weights, calcu- 
lated from the per cent carbon dioxide, that varied between 510 and 550. 
Since the equivalent weight of the barium salt of an aldotrionic acid con- 
sisting of d-galacturonic acid, /-rhamnose, and I[-galactose should be 570, it 
is evident that all of the d-xylose and some of the /-galactose had been 
freed. 

For example, in one case 50 gm. of linseed acid were hydrolyzed and the 
salts and sugar syrup were isolated. On analysis the sugar syrup was found 
to contain 8.76 gm. of xylan and 0.878 gm. of galactan and no rhamnosan. 
These weights correspond respectively to 17.5 and 1.75 per cent of the 
original linseed acid. Since this acid contained approximately 21 per cent 
xylan and 25 per cent galactan, it is evident that most of the xylan and a 
small part of the galactan were free in the sugar syrup. On analysis, the 
barium salt gave no xylan, 29.2 per cent rhamnosan, 8.58 per cent carbon 
dioxide, and had an equivalent weight of 518. 

Hydrolysis with Hydrochloric Acid and Preparation of Aldotrionic Actd— 
Numerous hydrolyses of the linseed acid with a 2 per cent solution of hy- 
drochloric acid showed that heating for 1 hour at 80° gave an aldotrionic 
acid composed of d-galacturonic acid, /-rhamnose, and /-galactose. In 
these hydrolyses the linseed acid was dissolved in 24 times its weight of 
water and pressed through cloth to remove any lumps. The solution was 
then heated to 80°. Sufficient concentrated hydrochloric acid to make 
the solution 2 per cent acid was mixed with twice its volume of water and 
heated to 80°. The two solutions were mixed and the heating at 80° was 
continued for 1 hour. The solution was then rapidly neutralized. In 
some experiments sodium hydroxide solution was used to neutralize the 
acids. In other experiments a hot strontium hydroxide solution was used 
for this purpose. The latter is the more satisfactory, since the strontium 
salts are less soluble and require less alcohol for precipitation’ The salts 
were precipitated by addition of the solution to alcohol. The corresponding 
sodium and strontium salts of the aldotrionic acid were freed of chlorides by 
washing with 85 per cent alcohol. The results obtained on analysis of 
these salts are given in Table II. 

When the filtrates from the preparation of the aldotrionic acids were 
analyzed, approximately 18 per cent of the weight of the linseed acid used 
appeared as xylan and 1.5 per cent as galactan. No rhamnosan was found 
in the filtrates. Since these percentages correspond to most of the xylan 
present in the linseed acid and only a small part of the galactan, the re- 
sults indicate that d-xylose is the first sugar liberated. 
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Comments on Table II—The theory is calculated for the salts of an 
aldotrionic acid composed of d-galacturonic acid, l-rhamnose, and L-ga- 
lactose. All of the xylan should have been hydrolyzed off. However, in 
the rhamnosan determination some of the phloroglucides did not dissolve 
and there probably were small amounts of xylan present. This could have 
been furfural from the galacturonic acid. 

The galactan determination was carried out by the van der Haar method. 
The results have been discussed. 

In general the barium or strontium salts of sugar acids with a free sugar 
group give high values for the metal. It may be that the sugar group, 
possibly in the enolic form, reacts with some of the hydroxide. This would 
explain the high percentage of strontium in the salt. 


TABLE IT 


Analyses of Sodium and Strontium Salis of Aldotrionic Acid from 
Hydrolysis of Linseed Acid 

















| Sodium salt | Strontium salt 

| " Sent | ‘Theory | Found Theory 
Carbon dioxide, %......... ....{ 8.39 | 8.40 } 8.10 | 8.08 
Uronic acid, %.............. bi 36.80 | 36.84 | 35.53 35.45 
Equivalent weight.. oe] 524 524 543.0 | 545 
Rhamnosan + xylan, %.... | 27.45 | 27.86 | 28.50 26.78 
a | 31.50 30.9 31.80 | 29.7 
Sodium or strontium, %.... 4.25 | 4.39 9.20 8.03 
la]p, degrees................ | +62.0 | +60 








The great increase in dextrorotation of the linseed acid during hydrolysis 
is probably due in part to depolymerization of the complex molecule rather 
than simply to the liberation of d-xylose. 

Hydrolysis of Aldotrionate and Isolation of |-Galactose—36 gm. of stron- 
tium aldotrionate were heated for 4 hours in a bath of boiling water with 
1 liter of 4 per cent sulfuric acid. The solution was neutralized with 
barium carbonate, decolorized with carbon-black, and concentrated in 
vacuo to 200 cc. The concentrate was added slowly to 6 volumes of alcohol 
and the barium aldobionate was filtered off, redissolved in water, and again 
precipitated by ethanol. The ethanol sugar solution was concentrated im 
vacuo to a small volume and taken up in ethanol to remove small amounts 
of barium salts. The gum sugar finally obtained weighed 11 gm. It was 
stirred in a bath of boiling water with 1 ec. of water. Then 6 cc. of glacial 
acetic acid were added and the stirring was continued until all dissolved. 
The solution was cooled and seeded with I-galactose. In a short time the 
solution became solid with crystals. The first crop weighed 2.5 gm. and 
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the second crop 0.25 gm. The filtrate from the second crop was diluted 
with ethanol. This precipitated some gummy barium salt. After con- 
centrating the filtrate, a third crop of /-galactose was obtained which 
weighed 0.25 gm. ‘The total yield of crystalline /-galactose was 8.3 per 
cent. The first crop of crystals, after addition of 1 drop of ammonia, 
showed [a] >= —78.8°. On oxidation with nitric acid this gave mucic acid, 
melting at 216°. This hydrolysis of strontium aldotrionate has been re- 

ted many times, always with approximately the same results. The 
yield of crystalline /-galactose varies from 5.5 to 8.5 per cent of the aldo- 
trionate used. ‘The theoretical yield should be 33 per cent. There is 
certainly considerable loss of the sugar in the precipitates and during decol- 
oration and some remains in the non-crystalline syrups. 

In one case in which the sugar stood some days with glacial acetic acid 
before seeding, 13 minutes after solution the first crop of crystals showed 
(a]> = —120° and 2 minutes after solution —110°. In approximately 
10 minutes [a]>> = —90°. When a drop of ammonia was added [a]? = 
-78.8°. This mutarotation indicates that the sugar, under these con- 
ditions, crystallizes in the a form, [a]? = —145°. 

The preparation of /-galactose as described by Anderson (4) often yields 
chiefly d-xylose because the two sugars are present in the hydrolysate. 
This difficulty can be avoided by first preparing the strontium salt of the 
aldotrionic acid, thus removing the d-xylose, and afterwards hydrolyzing 
the aldotrionic acid and isolating the /-galactose. In this preparation it is 
not necessary to isolate the mucilage. The flaxseed is extractea for 3 
minutes at 80° with a 2 per cent solution of hydrochloric acid. The hot 
solution is filtered from the seed and the heating at 80° is continued for 
55minutes. The hot solution is carefully neutralized with a hot strontium 
hydroxide solution and the strontium aldotrionate is precipitated by addi- 
tion to 6 volumes of ethanol. It is then purified and the /-galactose 
liberated. 

Heating Linseed Acid to 80° for 3 minutes in 2 Per Cent Solution of Hy- 
drochloric Acid—10 gm. of linseed acid were dissolved in 700 cc. of water 
and the solution was heated to 80°. To this were added 300 cc. of a solution 
containing 45 cc. of concentrated hydrochloric acid which had been heated 
to80°. The heating at 80° was continued for 3 minutes. At this time the 
solution had lost its high viscosity and could be poured rapidly through 
doth. It was cooled in an ice bath to 30° within 3 minutes and sodium 
hydroxide solution was carefully added until the solution was slightly 
aid. At this time the solution was viscous, like flaxseed mucilage. It was 
poured into 12 volumes of ethanol and the flocculent precipitate was iso- 
lated and washed with 85 per cent ethanol until free of chlorides. A 
carbon dioxide determination showed an equivalent weight of 670. The 
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alcohol filtrate was concentrated in vacuo. Pentosan and uronic acid de. 
terminations showed that it contained no more than traces of xylose or 
galacturonic acid. Evidently the mucilage undergoes no appreciable 
change in composition under these conditions. 

Structure of Flaxseed Mucilage—Aside from the presence of a 1:2 linkage 
between the d-galacturonic acid and /-rhamnose, little is known of the 
structure of the unchanged mucilage. It seems to be composed of a series 
of polymerized molecules of an aldotetronic acid containing d-galacturonie 
acid, l-rhamnose, l-galactose, and d-xylose. It does not reduce Fehling’s 
solution. Its physical properties resemble those of starch to a considerable 
extent. This suggests that it may have some form of a branched chain 
structure. While d-xylose is the first sugar liberated, this does not imply 
that the three sugars form a chain with the /-galactose in the middle. The 
repeating unit may be the aldobionic acid with the /-galactose and d-xylose 
as side chains or it may be the aldotrionic acid with the d-xylose attached 
as a side chain in the furanose form. Work is now in progress on the oxi- 
dation of the aldotrionic acid to a dibasic acid which should throw further 
light on the structure of the mucilage. Probably the first step in the 
hydrolysis of the mucilage consists in depolymerization of the large ag- 
gregate because heating to 80° in a 2 per cent solution of hydrochloric acid 
for some time is necessary before appreciable reduction of Fehling’s solution 
occurs. 

SUMMARY 


1. A rapid method for preparing the free acid of flaxseed mucilage, 
linseed acid, directly from the seed is described. 

2. Analysis of flaxseed mucilage and linseed acid shows that they are 
composed of molar equivalents of d-galacturonic acid, l-rhamnose, [-ga- 
lactose, and d-xylose. 

3. During hydrolysis of the mucilage d-xylose is the first and /-galactose 
the second sugar to be liberated. 

4. An aldotrionic acid composed of molar equivalents of d-galacturonic 
acid, l-rhamnose, and /-galactose has been isolated. 

5. An improved method for preparing I-galactose from the mucilage is 
described. 

6. Flaxseed mucilage seems to be the salt of a polymerized aldotetronic 
acid composed of molar equivalents of d-galacturonic acid, /-rhamnose, 
l-galactose, and d-xylose. The physical properties of the mucilage suggest 
that it has a branched chain structure. 
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THE ESTIMATION OF BASIC ORGANIC COMPOUNDS 
IN BIOLOGICAL MATERIAL 


I. GENERAL PRINCIPLES* 
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(From the Department of Medicine, New York University College of Medicine, and 
the Research Service, Third (New York University) Medical Division, 
Goldwater Memorial Hospital, New York) 


(Received for publication, January 6, 1947) 


Simple and reliable methods for the measurement of the concentration 
of therapeutic agents in biological materials greatly facilitate the study of 
the agent’s physiological disposition, upo:: which sound therapy must be 
based. The intermediate metabolism of a therapeutic agent cannot be 
studied in the absence of methods for its estimation. And finally, knowl- 
edge of the concentration of an agent in the tissues and fluids of the host, 
animal or human, is of considerable value in studying the mechanism of 
drug action. Unless the concentration in vivo of an agent, achieved in a 
specific tissue after therapeutic dosage, is known, the interpretation of 
studies in vitro with the agent is open to question. 

The problem of devising analytical procedures for the estimation of a 
large number of compounds, in connection with an antimalarial clinical 
testing program, was simplified by a scheme for the analysis of basic organic 
compounds. The principles involved in this scheme are presented here and 
should be applicable to the development of methods for other basic thera- 
peutic agents. The various methods, with examples to illustrate their 
snsitivity and specificity, will be described in subsequent papers. 

The scheme involves the isolation of the compounds from their metabolic 
products and from normally occurring substances by extraction procedures. 
The concentration of the compound is increased if necessary by returning 
ittoa small aqueous phase. The method for the final estimation is deter- 
mined by the properties of the compound and depends on fluorometry or 
photometry. A general technique of appraising specificity is based on a 
comparison of the solubility characteristics of the pure compound with those 
of the material extracted from the biological material obtained from a host 
to which the drug has been administered. Data obtained from this com- 
parison may be used to modify the initial extraction procedure so as to 
eparate interfering drug metabolites from the unchanged drug. 


*The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and New York University. A portion of this work has appeared in 
ibstract form (Federation Proc., 6, 124 (1946)). 
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The application of this systematic approach to a basic organic compound 
includes a number of discrete steps which are described below. 


Selection of Method of Assay 


The simplicity and speed of fluorometric assay recommend it as the 
method of choice when possible. The successful application of this tech- 
nique is limited, however, by the available mercury arc instruments which 
confine the wave-length of the activating radiation to the 365, 405, and 
436 my lines. Cornpounds whose fluorescence may be activated by light 
of other wave-lengths cannot be measured with these instruments. 

Some compounds can be converted to fluorophores by suitable treatment, 
such as oxidation, hydrolysis, or ultraviolet irradiation. Other methods of 
producing fluorescent compounds may also be possible. This approach 
has been found especially favorable when the compound in question has an 
absorption maximum above 300 mz. A nuclear change in the molecule 
may then be accompanied by a shift of its absorption spectrum towards the 
higher wave-length and into the range of one of the mercury are emission 
bands. 

The fluorescence of the compound in water is measured at various pH 
levels to determine the conditions of maximal sensitivity. To determine 
whether the compound will fluoresce with sufficient sensitivity in an organic 
solvent, the compound is extracted into the selected solvent (see later) and 
its fluorescence measured after the addition of 0.1 volume of a 25 per cent 
solution of trichloroacetic acid in ethylene dichloride. 

If fluorescence techniques cannot be applied, a coupling reaction to form 
a dye is next tried. Aromatic amines may usually be diazotized and 


coupled with N-(l-naphthyl)ethylenediamine (1). Substituted aromatic . 


amines, if the position para to the amino group is free, may usually be 
coupled with diazonium salts to form colored azo compounds (2). Certain 
primary amines, for instance 2,6-diaminopyridine, which diazotize with 
difficulty, may be coupled with diazonium salts. The above reactions are 
not subject to interference from organic extractable substances normally 
occurring in biological material. Consequently, high sensitivity may be 
achieved by making the final photometric measurement in a small volume. 

Most organic bases form methyl orange salts, which are highly soluble 
in certain organic solvents, but relatively insoluble in water. Bases may, 
therefore, be assayed indirectly through the extraction of their methyl 
orange salts into an organic phase. The methyl orange which goes into the 
organic phase is measured photometrically (3). This general reaction has 
been used in the design of analytical procedures for a large number of or- 
ganic bases. Here, too, in many cases, the final photometric measurement 























ma 
hov 
star 


of t! 
assa 
evel 
the | 
of tl 
A bs 
lyf 
abov 


TI 
are, | 
trole 
founc 
acid | 
unsul 
solver 
used j 

The 
may « 
becau 
depen: 
solven 
loss is 
subseq 
quine 
variou 
Table 

heptan 
Some | 
aqueou 
acid so) 
pound 

To sele 
the con 
14) witl 
large an 

















BRODIE, UDENFRIEND, AND BAER 301 


may be made in a small volume. The sensitivity of this reaction is limited, 
however, by the interference of a small amount of naturally occurring sub- 
stances in the plasma. 

Although spectrophotometry in the ultraviolet region lacks the sensitivity 
of the methods of assay previously described, it is useful as a final means of 
assay in certain instances, and as an aid in developing procedures which 
eventually involve other principles of assay. The absorption spectrum of 
the compound in 0.1 N H.SO, is investigated to determine the wave-length 
of the absorption maximum most suitable for quantitative measurements. 
A basic compound is usually suited for measurement in the ultraviolet if 
1 y per ml. results in an optical density of 0.050 or more at some wave-length 
above 240 mu. 


Extraction of Compound from Aqueous Solution 


The solvents that have been used in the procedures for basic compounds 
are, in order of diminishing polarity, ethylene dichloride, benzene, and pe- 
troleum ether or heptane. Technical grades of these solvents have been 
found quite satisfactory provided that contaminants are first removed by 
acid and alkaline washes. Most petroleum ethers have been found to be 
unsuitable when the fluorescence measurement is made directly in this 
solvent because of a high fluorescence blank. Heptane, however, may be 
used in these instances. 

The adsorption of compounds from organic solvents, by glass surfaces, 
may constitute a major source of error in the procedures described here 
because of the micro amounts involved. The extent of this adsorption 
depends on the properties of the compound and on the polarity of the 
solvent, the adsorption being greatest from the less polar solvents. The 
loss is minimized by the addition of an alcohol to the solvent before or 
subsequent to the initial extraction. The extent of adsorption of chloro- 
quine (7-chloro-4-(4-diethylamino-1-methylbutylamino) quinoline) from 
various solvents, with and without the presence of ethanol is shown in 
Table I. The data indicate that more of this compound is adsorbed from 
heptane, the least. polar solvent, and that ethanol minimizes this adsorption. 
Some organic bases also are adsorbed on glass from neutral or alkaline 
aqueous solutions. For this reason standards are routinely made up in 
acid solution. The solvent of choice is the one which will extract the com- 
pound quantitatively with the least amount of its interfering metabolites. 
To select the solvent and define the pH for the extraction, the fraction of 
the compound extracted from water is measured at various pH values (1 to 
14) with each solvent. A simple way of doing this is to extract relatively 
large amounts of the drug (in the order of 10 y per ml.) with equal volumes 
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of solvent and measure the unextracted residue by ultraviolet absorption. 
The solvent of choice is, as is shown later, the least polar one which will 
extract the compound quantitatively. 

Recoveries of Known Amounts of Compound from Aqueous Solution— 
Known amounts of the compound (in the range of 0.25 to 10 y) are extracted 
with the selected solvent and estimated by the method of assay found to be 
the most suitable. The amount of compound to be carried through the 
procedure will depend on the sensitivity of the final measurement. The 
exact conditions of the procedure will depend of course on the solvent used 
and on the final method of assay. These conditions are described in the 
subsequent papers of this series. 


Taste I 
Adsorption of Chloroquine on Glass from Various Organic Solvents 

Duplicate 10 y samples of chloroquine were extracted from alkaline solution into 
150 ml. of solvent. After separation of the phases, 2 ml. of ethanol were added to 
the organic phase of one sample, the other being used as a control. The aqueous 
phase was discarded, and 15 ml. aliquots of solvent were removed at intervals and 
analyzed for chloroquine. The recovery of chloroquine at zero time is arbitrarily 
designated as 100 per cent. 





























Per cent recovery of chloroquine 
Time From ethylene dichloride From benzene From heptane 
Without | with ethanol | Without —/ with ethanol | Without | With ethanol 
min. | 
0 100 100 100 100 100 100 
5 98 101 96 100 94 97 
15 99 100 100 104 81 | 104 
30 97 98 100 106 76 103 
60 100 99 106 100 75 97 





Extraction of Compound from Biological Material 


Plasma'\—The handling of the plasma in the extraction procedure varies 
somewhat with the solvent used. As a rule, with ethylene dichloride, the 


1 Certain drugs, such as quinacrine and chloroquine, are greatly concentrated in 
the leucocytes. Therefore, special precautions in the preparation of plasma for 
analysis are required. Potassium oxalate is used as the anticoagulant. The use of 
ammonium oxalate must be avoided because exchange of the ammonium ion with the 
drug concentrated in the leucocytes may result in erroneously high plasma values 
(4,5). The blood is centrifuged immediately, at 1500 r.p.m. for 30 minutes, and the 
plasma is separated carefully from any solid residuum. This procedure is deemed 
advisable in order to remove any possibility of contarainating the plasma sample 
with leucocytes or leucocyte fragments. 
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plasma (up to 10 ml. volume) is alkalized with 1 ml. of 2.6 Nn NaOH. 10 
minutes of shaking in a glass-stoppered bottle are usually sufficient for 
complete extraction. The phases are separated by transferring the con- 
tents of the bottle to a test-tube, centrifuging at 3000 r.P.m., and removing 
the aqueous phase by aspiration. The larger volumes of plasma, when 
extracted with ethylene dichloride, sometimes result in the formation of a 
gel in the organic phase. The formation of these gels is minimized if the 
ethylene dichloride is added first to the bottle and the plasma carefully 
layered on the solvent without preliminary mixing. This prevents the 
formation of air bubbles at the interface of the two liquids. 

With benzene as the solvent the procedure is the same as with ethylene 
dichloride except that it is net necessary to transfer to a tube for centrifuga- 
tion, as the two phases usually separate easily or, if necessary, the bottle 
and contents may be centrifuged directly. 

When heptane or petroleum ether is used, the plasma is diluted with an 
equal volume of 0.1 n NaOH and the mixture is shaken for 30 minutes. 
Dilution is necessary, since the plasma otherwise becomes quite viscous. 
-This may result in incomplete extraction of the base because of the ineffi- 
cient mixing of the two phases. When these solvents are used, the two 
phases separate easily, though again it is occasionally necessary to centri- 
fuge the bottle and contents. 

Certain organic bases may be determined directly in plasma filtrates after 
protein precipitation. This type of procedure has been described pre- 
viously for the fluorometric determination of quinine (6). It has the ad- 
vantages of speed and simplicity, but it lacks specificity, since interfering 
metabolic derivatives of the compound are not removed. In certain cases 
this method may be used routinely as an approximation procedure, provided 
the magnitude of error involved has been assayed by comparison with an 
extraction procedure of known specificity. 

Tissues—Up to 2 gm. of tissue are added to 5 ml. of 0.1 N HCl and ground 
to an emulsion in an electricaily driven homogenizer. This homogenizer 
consists of a glass cylindrical cup in which a close fitting ground glass pestle 
is mechanically rotated.2 Cell fragmentation is complete. The emulsion, 
diluted if necessary with water, is transferred with a pipette prior to its 
extraction. 

Feces—20 ml. of concentrated HCl are added to the feces and the whole 
diluted to 2 liters. The mixture is shaken on an automatic shaker until a 
homogeneous suspension results. The emulsion is then ready for ex- 
traction. 

Urine—The urine is handled in the same way as plasma. 


* A satisfactory device is distributed by the Scientific Glass Apparatus Company) | 
Bloomfield, New Jersey. 
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Recoveries of Known Amounts of Compound from Biological Material— 
Known amounts of the compound are equilibrated with plasma for several] 
hours. Aliquots of the plasma are analyzed in the same way as the aqueous 
solutions described above. Occasionally the recoveries from plasma are 
incomplete, even though recoveries from water under similar conditions are 
quantitative. This is due to binding on plasma constituents. 

The following should be tried. (a) The plasma is adjusted to the lowest 
pH which has been shown to allow complete extraction of the compound 
from water. The binding of organic bases on plasma constituents is 
minimized at the lower pH values. For instance, a large series of dialkyl- 
aminomethylmethanol derivatives of phenanthrene, e.g., SN 1796* (a-(di- 
amylaminomethyl)-9-(1 ,2,3 ,4-tetrahydrophenanthrenemethanol)) can be 
extracted quantitatively from alkaline aqueous solutions but not from 
alkaline plasma. However, the salts of these bases are soluble in organie 
solvents, and, since the plasma binding is reversed in an acid medium, com- 
plete extraction is achieved from acidified plasma. (b) Longer shaking, 
up to 1 hour, may result in complete extraction. (¢) The extraction is 
tried with a more polar solvent. ‘The resulting loss of specificity may be 
corrected, if necessary, by returning the compound from the solvent to 
acid, from which the compound may be extracted, after alkalization, into 
a less polar solvent. 

After adequate recoveries of the compound from biological material are 
achieved, the next step is to determine whether the method is sensitive 
enough for estimation of the tissue levels after a prescribed dose. The drug 
is administered in the required dosage and the tissue concentrations deter- 
mined. If the amounts in a particular tissue are too small for estimation, 
the procedure must be revised accordingly. 


Assay of Specificity 

The choice of the proper solvent is important in determining the speci- 
ficity of an analytical procedure. Experience has shown that, as a rule, 
basic organic compounds are metabolized in the body to substances more 
polar than the parent compounds. They have, therefore, lower distribu- 
tion coefficients between organic solvents and water than the parent drugs. 
This solubility differential may be exploited to facilitate their separation by 
choosing for the extraction the least polar solvent which quantitatively 
extracts the parent drug. LEither all or a considerable fraction of the rela- 
tively polar metabolic products may then be left behind in the initial 


3 The SN number refers to the number assigned to the compound by the Survey of 
Antimalarial Drugs, conducted in behalf of the Committee on Medical Research, 
Office of Scientific Research and Development, and the Board for the Coordination 
of Malarial Studies. 
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extraction, and the remainder removed by suitable aqueous washes of the 
solvent extract. Also, in those procedures in which a biological blank 
interferes in the final reaction, the blank is minimized by the use of a solvent 
with as low a polarity as possible. 

Examples demonstrating the importance of the choice of the proper 
solvent are shown in Table II. Quinine is metabolized in the human to a 
derivative which contains an additional oxygen in the quinuclidine ring. 
The fractions of quinine and its metabolic derivative extracted from 
aqueous solution by various solvents at different pH values are compared 
in Table II. The data indicate that the least polar solvent which achieves 
complete extraction of quinine is benzene at pH 10 or higher. On the other 


Tasce II 
Distribution of Quinine and One of Its Metabolic Derivatives between Water and 
Solvents at Various pH Values 
The fraction of the compound extracted at various pH values is expressed as the 
ratio of the amount of compound in the organic phase to total compound after shak- 
ing the buffered solution with an equal volume of solvent. 





Petroleum ether-water system Benzene-water system Ethylene dichloride-water 











system 
pH , . . ™ — . ’ | - a 
Quinine | Quinine meta | Quinine | Quinine meta- | Quinine | Quinine mete 
; | 002 | oO | 0.12 0 | 0.31 | 0 
7 | 0.04 | 0 (0.36 | 0 0.80 | 0 
8 0.05 | 0 | 1.00 0.06 0.98 | 0 
9 0.13 | 0 | 1.00 | 0.10 1.00 | 0.27 
10 0.26 | 0 1.00 0.14 1.00 | 0.31 
1 | 0.31 0 1.00 | 0.13 1.00 0.37 
1.03 


4 (1nNaOH)| 0.28 0 1.00 0.14 0.29 


hand, the extraction of the metabolic derivative is relatively slight with 
benzene, though appreciable with ethylene dichloride. It may be con- 
cluded from these results that benzene is the solvent of choice for the 
extraction of quinine, since it quantitatively extracts quinine with little 
extraction of the metabolic product. Furthermore, the data indicate that 
the fraction of the metabolic product which does pass into the benzene may 
be removed by aqueous alkaline washes. 

A further example of the importance of the proper choice of solvent in 
determining the specificity of a method is shown in the case of chloroquine. 
Chloroquine is metabolized in the human to derivatives which are present in 
plasma. These have been separated from plasma but have not been iso- 
lated in the pure state. The solubility characteristics of chloroquine and 
its metabolic derivatives are compared in Table III. The data indicate 
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that both chloroquine and its metabolic derivatives are extracted com- 
pletely from aqueous solution by ethylene dichloride between pH 9 and 13 
and that, therefore, no separation of the compounds may be made with 
this solvent. But with heptane, a less polar solvent, a separation is made 
at the higher pH. Here a portion of the metabolic derivatives remains 
behind in the initial extraction. The rest may be removed by washing 
the solvent extract with alkali. 

The examination of the specificity of a method has been discussed in a 
previous paper (3) and the principles need not be repeated here. The tech- 
nique has been modified so that smaller amounts of drug may be handled. 
’ The amounts required for the procedure described below range between 3 
and 20 y, depending on the sensitivity of the final measurement. 


TaBLeE III 


Distribution of Chloroquine and Its Metabolic Derivatives between Water 
and Solvents 


The fraction of the compounds extracted at various pH values is expressed as the 
ratio of the amount of compound in the organic phase to total compound after shaking 
the buffered solution with an equal volume of solvent. 


Heptane-water system Ethylene dichloride-water system 

















pH _— pemeer g rer 
| Chloroquine | Cyafoawing meta~ Chloroquine | Chloroaung mete 
9 0.70 0.25 1.00 1.00 
14 (1 nw NaOH) 1.00 | 0.51 1.00 1.00 











The revised technique for assaying specificity was applied to chloroquine 
as follows: A volume of plasma from a patient receiving chloroquine, con- 
taining about 5 to 10 y of apparent drug, was shaken for 1 hour with 6 
volumes of heptane and | volume of 0.1 N NaOH. After the phases had set- 
tled, 1 ml. of ethyl alcohol for each 75 ml. of heptane was mixed with the hep- 
tane phase so as not to disturb the aqueous phase. As much as possible 
of the solvent was separated and the drug returned to 10 ml. of 0.1 n HCl. 
An aliquot of this solution was assayed for chloroquine and on the basis of 
this assay the solution diluted to contain about 0.5 y of drug per ml. Twol 
ml. aliquots of the solution were set aside for direct analysis. 1 ml. aliquots 
of the solution were neutralized by the addition of 1 ml. of 0.1 Nn NaOH and 
15 ml. of the appropriate buffer were added. 15 ml. of heptane were added 
and the mixture shaken for 15 minutes. The heptane phase was assayed 
for chloroquine as described in the method for 4-aminoquinolines (7) and 
the fraction of apparent drug extracted at each pH calculated. 

Results of a comparison of a solution of pure chloroquine with the appar- 
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ent chloroquine extracted from plasma as described above are shown in 
Table IV. It is apparent that the heptane extract of plasma contains some 
material with solubility characteristics which differ from those of pure 
chloroquine by being water-soluble at the higher pH values. These data 
suggest that an alkaline wash of the heptane extract of the plasma will 
confer additional specificity on the analytical procedure. 


TaBLe IV 


Distribution of Chloroquine and Apparent Chloroquine between Water and Heptane 
at Various pH Values 


The apparent chloroquine was obtained by extraction, with heptane, of the 
plasma of a patient receiving the drug. The compound was then returned to dilute 
acid. Aliquots of this solution and of a chloroquine solution were adjusted to 
various pH values and shaken with equal volumes of heptane. The fraction of the 
compound extracted at the various pH values is expressed as the ratio of the amount 
of compound in the organic phase to total compound. 














Apparent chloroquine from plasma extract 
Chloroquine, 
pH aqueous control / Without alkali wash With alkali wash 
of solvent phase of solvent 
(a) (d) (c) 
6 0 0 0 
7 0 0.02 0 
8 0.11 0.09 0.12 
8.5 0.43 0.28 0.44 
y 0.71 0.56 0.70 
9.5 0.83 0.62 0.85 
10 0.94 0.75 0.95 
ll 0.96 0.77 0.98 
13 (0.1 Nn NaOH) 0.96 0.80 0.98 
14 (1 n NaOH) 0.97 0.78 0.99 














Column (a) pure chloroquine; column (b) apparent chloroquine from plasma ex- 
tracted into heptane and returned to dilute acid; column (c) apparent chloroquine 
from plasma extracted into heptane and returned to dilute acid subsequent to 
removal of the drug metabolic derivatives by washing the heptane phase with 0.1 
ny NaOH. 


The effect of the introduction of such a wash was studied as follows: A 
sample of plasma was extracted into heptane as described above and the 
heptane phage separated from the aqueous phase. 2 volumes of 0.1 N 
NaOH were added to the heptane and the mixture shaken 10 minutes. The 
alkali phase was separated from the heptane phase and set aside for subse- 
quent analysis. This wash was repeated two additional times. The 
chloroquine in the washed heptane phase was then returned to 0.1 N H2SO,. 
Two 1 ml. aliquots of the solution were set aside for direct analysis. The 
remainder was shaken with a series of buffer solutions as described above. 
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The results in Table IV indicate that, as expected, the treatment with an 
alkali wash removes certain metabolic products of chloroquine from the 
heptane phase, leaving behind a substance with solubility characteristies 
similar to those of chloroquine. 

The material in the alkaline washes was extracted into 2 volumes of 
ethylene dichloride and then returned to 6 ml. of 0.1 N HCl. 5 ml. 
aliquots of the acid phase were assayed for 4-aminoquinolines. The first 
alkaline wash was found to have removed 7 per cent, the second 4 per cent, 
and the third 2 per cent of the total 4-aminoquinolines. From this it may 
be concluded that with no washes of heptane extract of plasma the error due 
to the interference of metabolic products amounts to about 13 per cent, 
with one wash 6 per cent, and with two washes about 2 per cent. Similar 
results were obtained with plasmas from a number of patients to whom the 
drug had been administered. 

It must be emphasized that an indication of specificity in the case of 
plasma does not necessarily indicate a similar specificity for urine and tis- 
sues. Many methods which have been found to be specific in the case of 
plasma require an additional step to remove interfering derived products 
present in urine and organ tissues. Furthermore, the specificity of a par- 
ticular method applied to one species of animal may not carry over to 
another one. 

SUMMARY 


A scheme for the analysis of basic organic compounds in biological mate- 
rial, utilizing a number of simple general reactions, is described. This 
scheme provides for the isolation and concentration of compounds by 
extraction of the free base into an organic solvent, and thence into an 
aqueous phase. The organic solvent selected should exploit the finding that 
metabolic products of organic bases are commonly more water-soluble than 
the parent substance. Consequently the solvent of choice is one in which 
the compound is least soluble provided quantitative extraction is achieved. 
A large fraction of the metabolic products may thus be left behind in the 
initial extraction, the remainder removed by suitable washes. Extensive 
adsorption of organic bases on glass surfaces from non-polar solvents may 
be minimized by the addition of alcohol subsequent to the initial extraction. 

A general technique to appraise specificity involves a comparison of the 
solubility characteristics of a pure compound with those of the apparent 
drug extracted from tissue. This examination yields information on solu- 
bility characteristics of interfering substances which may be used to modify 


the initial extraction procedure. 
The final measurement is determined by the properties of the compound 
and involves fluorometry or microphotometry. 
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THE ESTIMATION OF BASIC ORGANIC COMPOUNDS 
IN BIOLOGICAL MATERIAL 


II. ESTIMATION OF FLUORESCENT COMPOUNDS* 


By BERNARD B. BRODIE, SIDNEY UDENFRIEND, WESLEY DILL, 
and GEORGE DOWNING 


(From the Department of Medicine, New York University College of Medicine, and 
the Research Service, Third (New York University) Medical Division, 
Goldwater Memorial Hospital, New York) 


(Received for publication, January 6, 1947) 


Many compounds fluoresce when they are irradiated with light, usually 
in the ultraviolet range. The extreme sensitivity as well as the simplicity 
of fluorometric assay makes it the method of choice in the design of analyti- 
cal procedures. Fluorescence intensity depends upon such diverse environ- 
mental factors as intensity of irradiation, the nature of the solvent, 
temperature, pH, and the presence of quenching substances. These 
factors are controllable in an aqueous medium adjusted to the pH of maxi- 
mal fluorescent intensity. The fluorescent properties of quinacrine, qui- 
nine, and many other organic bases have been utilized in the design of 
methods for their estimation in biological materials at concentrations as 
low as 5 y per liter. 

The organic base is isolated from the alkalized biological sample by 
extraction into a suitable organic solvent. Drug metabolic products not 
separated in the initial extraction may be selectively removed by alkaline 
washes of the solvent. The drug is then returned to dilute acid and the 
pH adjusted to that which will yield the maximal fluorescence. The con- 
centration of the compound is estimated by measuring the fluorescence of 
the final solution. Larger concentrations of many fluorescent organic bases 
may be analyzed directly in the organic phase after the addition of tri- 
chloroacetic acid. This second procedure, though simpler, is usually less 
sensitive than the double extraction procedure. 

Methods for the estimation of quinacrine are given below in detail to 
illustrate both general methods of analysis. Although adequate methods 
for the estimation of quinacrine have been described (1-3), the following 
methods are presented because they represent a logical application of the 
general scheme of analysis proposed in these papers. The procedures for 


* The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and De- 
velopment and New York University. A portion of this work has appeared in ab- 
stract form (Federation Proc., 6, 125 (1946)). 
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other fluorescent bases are the same in principle but may differ in the choice 
































of solvent, achievement of specificity, and the pH and filter system that wil] '  feri 
yield the maximal fluorescence. These pertinent details for some fluores- The 
but 
TABLE I A 
Data on Basic Organic Compounds That Can Be Estimated by Fluorescence; Double The 
Extraction Method Cor 
| Sit aad i). ae a 
Compound Solvent | pH of maximal fluorescence *"CGoteman " quien tales , | sae 
Quinacrine Petroleum | 9.5 | By-PCy | See foot-note 3 | 
ether | Dat 
SN 5228. 2-Me-| “ « 1 (0.1 n HCl) | « Specific a 
thoxy - 6 - chloro- | conan 
9 - (2 - diethyl- 
aminoethyl- 
amino) acridine hg 
SN 5341. 2-Me- . * 9.5 “ Not examined Quins 
thoxy - 6 - chloro- SN 5: 
9 - (4 - diethyl- Qo 
aminobutyl- — 
amino)acridine SN % 
SN 9627. 2-Me-| Ethylene | 9.5 “ Specific 6-d 
thoxy -6-chloro-|  dichlo- dine 
9 - (8 - diethyl-| ride SN 53 
aminooctyl- (4 P 
amino)acridine _— 
SN 8439. 9-(4-Di- “a 9.5 «“ Not examined Quinis 
ethylamino - 1 - Quinid 
methylbuty!- SN 984 
amino) acridine 2- (p 
SN 8442. 3-Chloro| “ “ | 9.5 « “4 anol 
9 - (4 - diethyl- ayia 
amino - 1 - me- $-qui 
thylbutylamino)- SN 329: 
acridine ethy ; 
Quinine Benzene 1 (0.1 n H,SO,) B,-PC, | Specific ie ounns 
Quinidine we ie ” = ” - 
SN 6520. 1-Naph- s 14 (1 n NaOH) _ B,S-PC, | Not examined 
thol - 2 - (dime- | of the 
thylamino) me- | throug] 
thane | AC 
436 my 





cent basic compounds which have been tested as antimalarials in this | rin 
laboratory are presented in Tables I and II. ments 
Filter System—The choice of filter system depends on the wave-length of combin: 
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fering fluorescence derived from the normal biological material is present. 
The filter combinations described below have been used in this laboratory 
but other combinations may be equally suitable. 

A Corning Filter 587 (Coleman, B,S) is used to isolate the 365 my line. 
The resulting fluorescent light is transmitted through a combination of 
Corning Filters 3389 and 4308 (Coleman, PC,) The sensitivity of the 
measurement may be reduced by isolating the activating line with a filter 
partially covered by a neutral screen (Coleman, B,). A further reduction 


TaBLe II 


Data on Basic Organic Compounds That Can Be Estimated by Fluorescence; Single 
Extraction Method 








Compound Solvent Filter system | specificity 
Quinacrine Heptane B2-PC, See foot-note 3 
SN 5228. 2-Methoxy-6-chloro-9- " - Specific 
(2 - diethylaminoethylamino) - 
acridine 
SN 9627. 2-Methoxy-6-chloro-9- | Ethylene di- ” = 
(8-diethylaminooctylamino)acri- chloride 
dine 
SN 5341. 2-Methoxy-6-chloro-9- | Heptane es " 
(4 - diethylaminobutylamino)- 
acridine 
Quinine Benzene B,-PC, = 
Quinidine - i e 
SN 9849. 6-Methoxy-2-phenyl-a- | Ethylene di- . Not examined 
2 - (piperidy])-4 - quinolinemeth- chloride 
anol 
SN 2157. 6-Methoxy-a(2-piperidy])- oS ¥ - “ 
4-quinolinemethanol 
SN 3294. 4-(4-Diethylamino-1- at " - 
ethylbutylamino) - 6 - methoxy- 
quinoline 














of the sensitivity may be achieved by transmitting the fluorescent light 
through a Corning Filter 3385 (Coleman, PCs). 

A Corning Filter 5113 (Coleman, By) is used to isolate the 405 and the 
436 my lines. The resulting fluorescent light is transmitted through a 
Corning No. 3385 (Coleman, PC,) filter. When fluorescence measure- 
ments are taken in an organic solvent, the 436 mu line is isolated with a 
combination of Corning Filters 5113 and 3389 (Coleman, B.). This filter 
combination may result in a sensitivity less than with Filter 5113 alone, but 
it excludes blank fluorescence derived from the biological sample. 
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Procedure for Quinacrine 


Reagents— 

1. Standard solution of quinacrine, 100 mg. per liter. 127 mg. of the 
dihydrochloride dihydrate salt are dissolved in 1 liter of 0.1 N HCl. This 
solution is stable when stored in the refrigerator. Working standards 
are prepared daily by dilution with 0.1 Nn HCl. 

2. 0.1 n NaOH. 

3. Petroleum ether. A technical grade of petroleum ether is purified by 
successive washing with 1 Nn NaOH, 1 n HCl, and water. 

4. Isoamyl] alcohol, reagent grade. 

5. 0.1 n HCL. 

6. 0.56 N NaOH. 1 ml. should be neutralized by 5 ml. of the above 0.1 
Nn HCl. 

7. Buffer reagent, pH 9.5. 5 volumes of 0.6 m boric acid in 0.6 m KCl 
are added to 3.2 volumes of 0.6 N NaOH. When diluted as described in 
the procedure, the resulting pH should be 9.4 to 9.6. 

Procedure, Double Extraction—Add 1 to 10 ml. of biological sample? (con- 
taining up to 1 y of quinacrine) and an equal volume of 0.1 N NaOH to 30 
ml. of petroleum ether in a 60 ml. glass-stoppered bottle. Shake for 30 
minutes on a shaking apparatus. Allow the phases to separate, centrifug- 
ing the bottle if necessary. Add 1 ml. of isoamyl alcohol, mixing with the 
petroleum ether so as not to disturb the aqueous phase. Transfer 20 ml. 
of the petroleum ether phase to a 60 ml. glass-stoppered bottle or a glass- 
stoppered test-tube containing 6 ml. of 0.1 N HCl.2 Shake for 3 minutes 
and then centrifuge for 2 minutes at low speed. Remove the supernatant 
organic phase by aspiration. Transfer 5 ml. of the acid phase to a fluorome- 
ter tube containing | ml. of 0.5 N NaOH and 2 ml. of buffer reagent and mix 
thoroughly. A “dummy” consisting of acid, alkali, and buffer is used for 
the blank setting of the fluorometer. A reagent blank, in which water is 
substituted for plasma, is run through the same procedure. This should 
read the same as the dummy with pure chemicals. 

The standard is prepared by adding a known amount of the drug in 5 
ml. of 0.1 N HCl to 1 ml. of 0.5 N NaOH and 2 ml. of buffer in a fluorometer 
tube. 

The intensity of fluorescence of the samples is determined in the Coleman 
photofluorometer or other suitable instrument. The filter system with the 


1 Organ tissues and feces are emulsified in acid as described in Paper I of this 
series (4). Quinacrine and other acridines are concentrated in the leucocytes of the 
blood, and therefore special precautions are required in the preparation of plasma for 
analysis (4). 

? Halides which quench the fluorescence of quinine and quinidine should be avoided 
in their fluorescent measurement. 0.1 N H.SO, can be used in the case of these com- 


pounds. 














for 
lat 


It is 
with s 
amoun 
with m 

Tabl 
quinac) 
and sen 








his 
the 
for 


led 


ym- 











BRODIE, UDENFRIEND, DILL, AND DOWNING 315 


former consists of a 2mm. No. 5113 Corning filter (Coleman, B,) to iso- 
late the activating energy, and Corning No. 3385 filter (Coleman, PC A) 
to transmit the resulting fluorescent light. Standards are run with each 
set of unknowns and the concentrations of the latter are estimated in rela- 
tion to these standards. The standards give readings that are directly 
proportional to their concentration. 

Procedure, Single Extraction— 

Reagents— 

1. 0.1 n NaOH. 

2. Heptane. A technical grade of heptane is purified by successive wash- 
ings with 1 N NaOH, 1 nN HCl, and water. Petroleum ether is not used in 
this procedure because of its high fluorescent blank. 

3. Isoamy! alcohol, reagent grade. 

4. Trichloroacetic acid solution. 25 gm. of trichloroacetic acid are dis- 
solved in 100 ml. of ethylene dichloride. 

Add 1 to 5 ml. of biological sample (containing up to 1 y of quinacrine) 
and an equal volume of 0.1 N NaOH to 15 ml. of heptane in a 60 ml. glass- 
stoppered bottle. Shake for 30 minutes on a shaking apparatus. Allow 
the phases to separate, centrifuging the bottle if necessary. Add 0.5 ml. of 
isoamy! alcohol, mixing with the heptane phase so as not to disturb the 
aqueous phase. Transfer about 10 ml. of the heptane phase to a fluo- 
rometer tube containing 1 ml. of the trichloroacetic acid solution. A 
dummy consisting of the heptane, isoamy! alcohol, and the trichloroacetic 
acid solution is used for the blank setting of the fluorometer. A reagent 
blank, with water in place of plasma, is run through the procedure. This 
should read the same as the dummy with pure chemicals. 

The standard used in calibrating the sensitivity of the instrument is pre- 
pared by alkalizing an aqueous solution of quinacrine as above, extracting 
with heptane, and handling in the same manner as the biological sample. 
The computation of quinacrine concentration is by direct proportion. 

The filter system consists of a Corning No. 5113 and 3389 combination 
filter (Coleman, Bs) to isolate the activating energy and Corning Filter 3385 
(Coleman, PCs) to transmit the resulting fluorescent light. 


Results 


It is shown in Table III that quinacrine added to plasma is recoverable 
with satisfactory precision, with the double extraction procedure, in 
amounts as low as 0.05 y. Equally satisfactory results have been obtained 
with many other acridines, as well as with quinine and quinidine. 

Table III also contains a summary of recoveries of known amounts of 
quinacrine from plasma by the single extraction procedure. The precision 
and sensitivity of the method are sufficient for amounts of quinacrine as low 








Recovery of Quinacrine Added to Plasma 


TaB.e III 


























Quinacrine added Quinacrine found Recovery 
Double extraction method 
Y Y per cent 
1.0 1.00 100 
1.00 100 
1.00 100 
1.04 104 
0.5 0.50 100 
0.51 102 
0.50 100 
0.50 100 
0.4 0.40 100 
0.38 95 
0.41 102 
0.41 102 
0.3 0.29 97 
0.29 97 
0.29 97 
0.29 97 
0.2 0.21 105 
0.19 95 
0.19 95 
0.21 105 
0.1 0.11 110 
0.10 100 
0.11 110 
0.10 100 
0.05 0.05 100 
0.05 100 
0.045 90 
0.055 110 
Single extraction method 
1.0 | 1.03 103 
0.99 99 
0.99 99 
1.00 100 
0.5 0.52 104 
0.50 100 
0.48 96 
0.51 102 
0.3 0.31 103 
0.315 105 
0.29 97 
0.31 103 
0.2 0.21 105 
0.21 105 
0.21 105 
0.20 100 
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as 0.2 y. Equally good results have been obtained for other fluorescent 
compounds. 

Repeated analyses run on individual samples of plasma and urine stored 
in the refrigerator over a period of several weeks yield highly reproducible 
results, indicating that the drug in plasma and urine is stable under these 
conditions. 

Specificity—There is a negligible amount of interfering fluorescent mate- 
rial in normal biological tissues. The extent of interference by metabolic 
productsof the drug was studied by the technique described in Paper I of this 
series (4). This examination was made on petroleum ether extracts of 


Tasie IV 
Distribution of Quinacrine and Apparent Quinacrine between Water and Petroleum 
Ether at Various pH Values 

The apparent quinacrine was obtained by extraction, with petroleum ether, of 
the plasma of a patient receiving the drug. It was then returned to dilute acid. 
Aliquots of this solution and of a quinacrine solution were adjusted to various pH 
values and shaken with equal volumes of petroleum ether. The fraction of the com- 
pounds extracted at various pH values is expressed as the ratio of the amount of 
compound in the organic phase to total compound. 








pH | Quinacrine, aqueous control et from 
7 | 0.05 0.05 
8 0.50 0.55 
9 0.90 0.90 
10 0.95 0.98 
14 (1 n NaOH) 1.00 0.97 











plasma obtained from patients who received oral doses of the drug, which 
contained a total of 3 y of apparent quinacrine. It is clear from the data in 
Table IV that petroleum ether extracts of plasma contain little fluorescent 
material which differs in solubility characteristics by this test from pure 
quinacrine.* Similar results were obtained with heptane extracts of plasma. 


* Results obtained by the analysis of the plasma and urine from patients receiving 
quinacrine are the same as those obtained by the previous method with ethylene 
dichloride as the extracting solvent (2). In the latter method phenolic metabolic 
products of quinacrine were removed by means of an alkaline wash of the solvent. 
The use of a less polar solvent in the present method leaves the phenolic metabolic 
products behind in the initial extraction. Recent work indicates that a small amount 
of quinacrine metabolic product with solubility characteristics similar to the parent 
compound (Taggart, J. V., personal communication) is also measured in the present 
procedure. The presence of this product could not be detected by the technique used 
here in assaying specificity. This product, which was separated from quinacrine by 
a counter-current distribution technique, has ultraviolet and fluorescence character- 
istics similar to those of the parent compound. The extent of the interference in 
the plasma and urine of humans is of the order of 10 to 15 per cent. 
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SUMMARY 





A simple general method is described which, with minor modification, is 
applicable to the determination of many organic soluble fluorescent bases, 
This method has been applied to the estimatien of quinacrine in biological 
tissues for illustrative purposes. This procedure permits the determination 
of quinacrine in amounts as low as 0.05 y. Pertinent information for the 
estimation by this method of certain other antimalarial drugs is also given. 

Quinacrine is isolated from the biological material by an extraction of the 
free base with petroleum ether at an alkaline pH. The drug is then re- 
turned to acid and buffered to pH 9.5. The concentration of quinacrine is 
measured fluorometrically. 

Higher concentrations of quinacrine are measured directly in a heptane 
extract after the addition of trichloroacetic acid. 

A comparison of the solubility characteristics of quinacrine and the 
apparent quinacrine extracted from the plasma of patients who were receiy- 
ing the drug indicates that the method has a high degree of specificity. 
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THE ESTIMATION OF BASIC ORGANIC COMPOUNDS 
IN BIOLOGICAL MATERIAL 


II]. ESTIMATION BY CONVERSION TO FLUORESCENT COMPOUNDS* 


By BERNARD B. BRODIE, SIDNEY UDENFRIEND, WESLEY . DILL, 
AND THEODORE CHENKIN 
(From the Department of Medicine, New York University College of Medicine, and 
the Research Service, Third (New York University) Medical Division, 
Goldwater Memorial Hospital, New York) 


(Received for publication, January 6, 1947) 


Non-fluorescent organic compounds may yield fluorophores on suitable 
treatment, the fluorescence of which may be used in the design of analytical 
methods. For example, the 7-chloro-4-aminoquinolines, an important 
group of antimalarial drugs, are changed to fluorophores when subjected to 
ultraviolet irradiation under suitable conditions. The resulting fluoro- 
phores are oxidized with loss of fluorescence with continued irradiation. 
This, however, may be prevented and the fluorophore stabilized by irradi- 
ating anaerobically or in the presence of cysteine. Many of the 7-chloro-4- 
aminoquinolines appear to yield the same fluorophore, since the same 
relationship between molecular concentration and fluorescence intensity 
has been noted in all instances studied. The properties of the derived 
fluorophore have been utilized in the design of methods for the estimation 
of chloroquine (7-chloro-4-(1-methyl-4-diethylaminobutylamino) quinoline) 
and related compounds at concentrations as low as 10 y per liter. 

The compound is separated from the biological material by extraction 
into a suitable organic solvent at an alkaline pH. The solvent is freed of 
drug metabolic products, if necessary. with alkaline washes and the drug 
is then returned to dilute acid. The pH is adjusted to 9.5, cysteine is 
added, and the sample is irradiated with ultraviolet light. The concen- 
tration of the compound is estimated by measuring the fluorescence of the 
final solution. 

The procedures for the various 4-aminoquinolines are the same in prin- 
ciple but may differ in choice of solvent and achievement of specificity. 
The procedure for chloroquine is given in detail below and the pertinent 
details for other 4-aminoquinolines which have been tested as antimalarials 
are presented in Table I. 

* The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and New York University. A portion of this work has appeared in 


abstract form (Federation Proc., 6, 125 (1946)). 
' Masen, J. M., personal communication. 
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Taste I 
Data on Basic Organic Compounds That Can Be Estimated by Conversion to Fluorescent 
Compound 
Compound | Solvent Specificity for human plasma 

Chloroquine. 7 -Chloro-4 - | Heptane Specific after 2 washes of 
methyl - 4 - iiiaieatae. heptane extract with 2 vol- 
butylamino) quinoline umes 0.1 N NaOH 

SN . 9584. 7-Chloro-4-(3-di- | | Specific after 1 wash of hep- 
sdiabiiitbseannhiediee). | tane extract with 2 volumes 
quinoline | 0.1 N NaOH 

SN 7135. 2-Methyl-7-chloro-4- | Ethylene dichlo- | Specific 
(1-methy]-4-diethylamino- | ride 
butylamino) quinoline 

SN 7373. 7-Bromo-4-(l-methyl- | Heptane | Not examined 
4-diethylaminobutylamino) - 
quinoline 

SN 13616. 7-Chloro-4-(4-ethyl- “with “ . 
amino-1-methylbutylamino)- 1.5% isoamy! | 
quinoline alcohol 

SN 13425.* 7-Chloro-4-(1’-ethyl- = = | Specific after 2 washes of 
4’-piperidylamino) quinoline heptane extract with 5% 

| Na,SO, in buffer, pH 11 

SN 13588. 7-Chloro-4-(3-ethyl- | Heptane | Not examined 
aminopropylamino) quinoline 

SN 10960.* 7-Chloro-4-(4-di- = 5. ™ 
ethylamino-2-hydroxybutyl- | 
amino) quinoline 

SN 14477.¢ 7-Chloro-4-(4-di- “ | Specific after 2 washes of 
ethylaminocyclohexylamino)- heptane extract with 2 vol- 
quinoline umes 0.1 N NaOH 

SN 8137.t 7-Chloro-4-(3-di- ° Specific after 3 washes of 
ethylamino-2-hydroxypropyl- heptane extract with 2 vol- 
amino) quinoline umes 16% Na,SO, in 1 N 


_ NaOH 





* SN 13425 is slightly soluble in water. The metabolic produc ts of the drug are 
removed from the heptane extract by means of washes with an alkaline solution of 
sodium sulfate. The removal of the parent drug is minimized by the use of this 
salt solution. 

t Irradiated, and fluorescence read at pH 8.7. 

t The extraction of SN 8137 from plasma is made with chloroform, since the ex- 
traction with heptane is incomplete for this tissue. However, the chloroform 
extract contains metabolic products of the drug which have fluorescent properties 
similar to it and which cannot be removed from this relatively polar solvent with 
alkaline washes. The SN 8137 is, therefore, returned to an aqueous phase and then 
to heptane. The metabolic products which enter the heptane are then removed by 
washes with an alkaline solution of sodium sulfate. A high salt concentration is 
essential in this step to minimize the loss because of the solubility of SN 8137 inthe 


aqueous phase. 
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Procedure for Chloroquine 


Reagents— 

1. Standard solution of chloroquine, 100 mg. per liter. 161 mg. of 
the diphosphate salt are dissolved in 1 liter of 0.1 N HCl. This solution is 
stable when stored in the refrigerator. Working standards are prepared 
daily by dilution with 0.1 n HCl. 

2. 0.1 nN NaOH. 

3. Heptane. A technical grade of heptane is purified by successive 
washings with 1 n NaOH, 1 n HCl, and water. 

4, Absolute ethanol. 

5. 0.1 n HCL. 

6. 0.6 Nn NaOH. 1 ml. should be neutralized by 5 ml. of the above 0.1 
n HCl. 

7. Buffer reagent, pH 9.5. 5 volumes of 0.6 m boric acid in 0.6 m KCl 
are added to 3.2 volumes of 0.6 N NaOH. When diluted as described in 
the procedure and after the addition of the cysteine reagent, the resulting 
pH should be 9.4 to 9.6. This pH should be checked by direct measure- 
ment. 

8. 5 per cent cysteine reagent. 1 gm. of cysteine hydrochloride is dis- 
solved in 20 ml. of water. This solution is neutralized by the addition of 
0.8 ml. of 10 N NaOH. This reagent should be made fresh daily and neu- 
tralized just before use. 

Procedure—Add 1 to 10 ml. of biological sample? (containing up to 1 y 
of chloroquine) and an equal volume of 0.1 N NaOH to 30 ml. of heptane in 
a 60 ml. glass-stoppered bottle. Shake for 30 minutes on a shaking appa- 
ratus. Allow the phases to separate, centrifuging the bottle if necessary. 
Add 8 drops of ethanol and mix with the heptane phase so as not to disturb 
the aqueous phase. Transfer as much of the heptane phase as possible to 
a 125 ml. glass-stoppered bottle. Add about twice the volume of 0.1 N 
NaOH and shake for 5 minutes. After the two phases settle, add 8 drops 
of ethanol to the heptane phase and mix as before. Remove the aqueous 
phase by aspiration with a pipette inserted below the surface. Repeat the 
washing with 0.1 nN NaOH. Then add 5 drops of ethanol and transfer 20 
ml. of the heptane phase to a 60 ml. glass-stoppered bottle or a glass- 
stoppered centrifuge tube containing 6 ml. of 0.1 n HCl. Shake for 3 
minutes and then centrifuge for 2 minutes at low speed. Remove the 
supernatant organic phase by aspiration. Transfer 5 ml. of the acid phase 
to a fluorometer tube containing 1 ml. of 0.6 nN NaOH and 1.5 ml. of buffer 


? Organ tissues and feces are emulsified in acid as described in Paper I of this 
series. Chloroquine and other 4-aminoquinolines concentrate in the leucocytes of 
the blood and, therefore, special precautions are required in the preparation of plasma 
for analysis. 
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reagent. Add 0.5 ml. of cysteine reagent and mix thoroughly. A reagent 
blank, with water substituted for plasma, is run through the same pro- 
cedure. 

Standards—Standards are prepared by adding known amounts of the 
drug in 5 ml. of 0.1 N HCl to 1 ml. of 0.5 Nn NaOH and 1.5 ml. of buffer in 
fluorometer tubes. 0.5 ml. of cysteine reagent is added to each tube. A 
“dummy” consisting of acid, alkali, buffer, and cysteine reagent is used for 
the blank setting of the fluorometer; this should not change under the 
irradiation described below. After 30 minutes, to allow for reaction be- 
tween cysteine and oxygen, all tubes are irradiated with ultraviolet light, 
as described below. 

The intensity of fluorescence of the irradiated samples is determined in 
the Coleman photofluorometer or other suitable instrument. With the 
former, a Corning Filter 587 (Coleman, B,S) is used to isolate the activat- 
ing energy and a combination of Corning Filters 3389 and 4308 (Coleman, 
PC,) to transmit the resulting fluorescent light. The sensitivity of the 
instrument is set by quinine, since the irradiated standards may slowly lose 
their fluorescence on frequent exposure to the ultraviolet light of the 
fluorometer. The sensitivity of the instrument should be set so that a 
solution of quinine in 0.1 N H.SO, containing 0.0125 y per ml. vields a read- 
ing of 50. 0.2 y of irradiated drug in 8 ml. will then give a reading of about 
40. Standards are run with each set of unknowns and the concentrations 
of the latter are estimated in relation to these standards. The standards 
are quite reproducible and give readings that are directly proportional to 
their concentration. 

Irradiation of Samples—Irradiation of the 4-aminoquinolines is effected 
in a simply constructed irradiator. An H-4 mercury are lamp with a No. 
59G18 transformer (Hanovia) similar to those used in the Coleman photo- 
fluorometer is the light source. The samples are placed in a circular rack 
surrounding the lamp so that they are equidistant from the lamp. 3 hours 
are required to achieve maximal sensitivity. The time may be reduced to 
1 hour by using a more intense source of ultraviolet light in the apparatus. 
This may be achieved by a DH-1 lamp with a No. 58G2 transformer (Han- 
ovia). The time of irradiation must be worked out to meet the conditions 
in each laboratory, since too long an irradiation results in a gradual diminu- 
tion of fluorescence. When the more intense light source is used, precau- 
tions must be taken to avoid the damaging effects of ultraviolet light on 
the eyes. 

The temperatures of the solutions should be maintained below 35° during 
irradiation; otherwise degradation of the drug to less fluorescent or non- 
fluorescent products may occur within the time of irradiation. This cool- 
ing is effected in the irradiator by passing air around the lamp and tubes. 
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The use of the more intense light source may require additional cooling 
facilities, such as an electric fan. 
A diagram of a suitable irradiator is shown in Fig. 1. 
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Fic. 1. Schematic diagram of the apparatus for the irradiation of solutions with 
ultraviolet light. 








Results 


Recoveries of the drug from plasma are shown in Table II. The sensi- 
tivity and precision of the method are quite adequate for amounts as low 
as0.2 7. Equally good results have been obtained in the case of the other 
4-aminoquinolines. 

Repeated analyses run on individual samples of plasma and urine stored 
in the refrigerator over a period of a week yield highly reproducible results, 
indicating that the drug in plasma and urine is stable under these con- 
ditions. 

Specificity—The absence of a detectable blank indicates that there is a 
negligible amount of material in normal biological tissues which reacts as 
chloroquine in the procedure described above. The possible interference 
of drug metabolic products of chloroquine has been examined by the tech- 
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nique described in Paper I of this series.* The results, which were de- 
scribed in that paper, indicate that metabolic products of chloroquine with 
fluorescent properties similar to the parent drug do occur in the plasma of 
patients receiving the drug. However, these are separated from the parent 
drug in the procedure described above. The interference due to the 
metabolic products, if no alkaline washes of the heptane extract are used, 
amounts to about 15 per cent. The alkali washes are therefore not essen- 
tial for most routine determinations on plasma. 


Tasie Il 
Recovery of Chloroquine Added to Plasma 





























ar | rae Recovery | Cae | a Recovery 
Y | Y percent | Y Y | per cent 

0.2 0.21 105 | 0.4 0.37 92 
0.19 9% | 0.40 | 100 

0.18 9 | 0.36 90 

0.19 9 | 0.39 98 

0.20 100 0.41 102 

0.20 100 | 0.42 | 105 

0.17 85 0.40 | 100 

0.21 105 | 0.40 100 

0.21 105 | 0.37 92 

0.21 105 0.40 100 

0.20 100 0.41 102 

0.20 100 0.6 | 0.60 100 

0.20 100 0.60 100 

0.18 90 0.60 | 100 

0.17 8 | 0.60 | 100 

0.19 6 | 0.56 93 

0.21 | 105 0.56 93 

SUMMARY 


A simple method is described which, with minor modification, is appli- 
cable to the estimation of many 7-chloro-4-aminoquinolines in biological 
fluids and tissues. The method has been applied to the estimation of 
chloroquine for illustrative purposes. This procedure permits the estima- 
tion of chloroquine in amounts as low as 0.1 y. Pertinent information for 
the estimation by this method of certain other antimalarial drugs is also 
given. 

Chloroquine is isolated from the biological material by an extraction of 
the free base with heptane at an alkaline pH. Drug metabolic products 


? Brodie, B. B., Udenfriend, 8., and Baer, J. E., J. Biol. Chem., 168, 299 (1947). 
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not separated in the initial extraction are selectively removed from the 
solvent by alkaline washes. The drug is then returned to acid solution and 
buffered to pH 9.5, cysteine is added, and the sample irradiated with a 
mercury vapor lamp. The concentration of fluorophore formed is meas- 
ured fluorometrically. 

A comparison of the solubility characteristics of chloroquine and the 
apparent chloroquine extracted from the plasma of patients who were re- 
ceiving the drug indicates that the method is specific in that it includes, in 
the final measurement, no products due to the metabolism of chloroquine. 
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THE ESTIMATION OF BASIC ORGANIC COMPOUNDS 
IN BIOLOGICAL MATERIAL 
IV. ESTIMATION BY COUPLING WITH DIAZONIUM SALTS* 


By BERNARD B. BRODIE, SIDNEY UDENFRIEND, anp 
JOHN V. TAGGART 
(From the Depariment of Medicine, New York University College of Medicine, and 
the Research Service, Third (New York University) Medical Division, 
Goldwater Memorial Hospital, New York) 


(Received for publication, January 6, 1947) 


Many aromatic amines in which the position para to the amino group is 
free react readily with diazonium salts to form compounds which absorb 
light in the visible range of the spectrum. This reaction may be used in 
the design of analytical procedures. It is subject to negligible interference 
from organic extractable substances normally occurring in biological mate- 
rial. Consequently, marked sensitivity may be achieved, if necessary, by 
coupling and making the final photometric measurement in a small volume. 
The coupling properties of various aromatic amines have been utilized in 
the design of methods for their estimation in biological material at concen- 
trations as low as 25 y per liter. 

The aromatic amine is isolated from alkalized biological material by 
extraction into an organic solvent. The drug is then concentrated by re- 
turning it to a small volume of acid containing diazotized sulfanilic acid with 
which it couples. The resulting dye solution is assayed in a spectropho- 
tometer or photoelectric colorimeter adapted to small volumes. Amines 
possessing a free phenol group are coupled with diazotized p-nitroaniline-o- 
sulfonic acid in neutral or slightly alkaline solution. 

A procedure for the estimation of the antimalarial pamaquine (6-methoxy- 
8-(4-diethylamino-l-methylbutylamino)quinoline) in biological fluids is 
given as an illustration of the general method of analysis. The procedure 
for other amines may differ in choice of solvent and achievement of speci- 
ficity. 

A procedure for the estimation of another antimalarial, SN 5918 (4,4’- 
dihydroxy-3 ,3’-di(diethylaminomethyl])dipheny! ether) is given as an ex- 
ample of the estimation of an amine with a free phenol group. 


* The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and New York University. A portion of this work has appeared in 
abstract form (Federation Proc., 6, 125 (1946)). 
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Procedure for Pamaquine 


General Constderations—The required sensitivity is obtained by concen- 
trating the compound into a small volume and then utilizing a microphoto- 
metric technique for the final measurement. This is accomplished with the 
Coleman model 6 spectrophotometer by the use of a micro test-tube adapter 
which, without changing the length of the light path, reduces the cross- 
section of the solution through which the light must pass. A ? X 3 inch 
flat bottom test-tube is used to hold the solution. It is possible by this 
means to measure optical densities in volumes as small as 0.25 ml? 

A number of aromatic primary amines were diazotized and coupled 
with pamaquine. Of the diazotized amines examined, diazotized sulfanilic 
acid was found to be superior in respect to stability of the reagent, speed of 
coupling, and color intensity of the resulting dye. The coupling reaction 
is complete within 5 minutes. The resulting dye is stable for several hours. 
The absorption spectrum of the dye indicates that the wave-length of 
maximal light absorption is 480 mu. 

Reagents— 

1. Standard solution of pamaquine, 100 mg. per liter. 163 mg. of the 
citrate salt are dissolved in 1 liter of 0.1 N H:SO,. This solution is stable 
when stored in the refrigerator. Working standards are prepared daily 
by dilution with 0.1 n H,SO,. 

2. 0.1 Nn NaOH. 

3. Petroleum ether. A technical grade of petroleum ether is purified 
by successive washings with 1 nN NaOH, 1 n HCl, and water. 

4. Isoamy] alcohol, reagent grade. 

5. Coupling reagent. Solution A, 0.5 gm. of sulfanilic acid is added to 
7.5 ml. of concentrated HCl and is then diluted to 500 ml. Solution B, 
0.5 per cent sodium nitrite. These solutions are stored in the refrigerator. 

Directions for Diazotization—The final coupling reagent is made up of 
10 ml. of Solution A and 0.3 ml. of Solution B. After 10 minutes, to allow 
for complete diazotization of the sulfanilic acid, the reagent is ready for 
use. The coupling reagent must be made fresh daily. 


1 This tube adapter was patterned after a suggestion by Dr. Oliver Lowry of the 
New York City Department of Health. Adapters with tubes to fit may be obtained 
from Mr. Samuel Ash, 1115 East 105th Street, New York. 

? Small concentrations of pamaquine may be measured with considerable accuracy 
if variations in the strength of the light source during a measurement are minimized. 
Increased stability of light source is obtained if the tungsten lamp is fed from storage 
batteries rather than from line current and transformer. The constancy of the light 
transmission should be verified after each measurement by checking the reading of the 
galvanometer needle after removal of the colorimeter tube. This air transmission in 
the case of the Coleman instrument is above the 100 per cent transmission mark 
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Procedure—Add 1 to 10 ml. of biological sample® (containing up to 10 y 
of pamaquine) and an equal volume of 0.1 N NaOH to 30 ml. of petro- 
leum ether in a 60 ml. glass-stoppered bottle. Shake for 30 minutes 
on a shaking apparatus. Allow the phases to separate, centrifuging the 
bottle if necessary. Add 2 ml. of isoamyl] alcohol, mixing with the petrol- 
eum ether so as not to disturb the aqueous phase. Transfer 20 ml. of the 
petroleum ether phase to a tapered glass-stoppered centrifuge tube* con- 
taining 0.5 ml. of coupling reagent. Shake for 5 minutes and then centri- 
fuge for 2 minutes at low speed. Remove the supernatant organic phase 
by aspiration. Transfer 0.3 ml. of the aqueous phase to a micro colorim- 
eter tube and determine the optical density of the dye solution at a wave- 
length of 480 mu. Coupling reagent is used for the blank setting of the 
instrument. The same tube may be used for the blank setting and for 
all the determinations and standards. The tube is removed from the adap- 
ter after each reading and its contents removed by aspiration. The tube 
is then rinsed with acetone and dried by aspiration. It is advisable to 
make the measurements in a definite order, starting with the blanks, then 
the dilute solutions, and then the more concentrated samples. 

Standards—Standards are prepared by taking 1 volume of standard 
solution and adding 9 volumes of coupling reagent. The optical density 
is read in the colorimeter after 5 minutes. Coupling reagent is used for 
the blank setting of the instrument. A permanent standard curve is 
constructed with optical density plotted against micrograms of pamaquine 
per ml. of solution. The optical densities were found to be proportional 
with all concentrations up to 4 y perml. An optical density of about 0.115 
is obtained in the adapted Coleman model 6 when 1 y of pamaquine is run 
through the procedure described above. 


Results 


Table I contains a summary of recoveries of known amounts of pama- 
quine added to plasma. The results indicate that the sensitivity and pre- 
cision of the method are quite adequate for amounts as low as 0.25 y. 
Equally satisfactory results have been obtained with other 8-aminoquino- 
lines. Analyses run on plasma samples of pamaquine over a period of 


‘Organ tissues and feces are emulsified in acid as described in Paper I of this 
series. 

‘The glass-stoppered tubes used in this laboratory have a volume of about 40 
ml. They are tapered at the bottom to a narrow cone to facilitate the manipulation 
of the small aqueous volume. 

* Occasionally the aqueous solution of the dye will be turbid after the aspiration of 
the petroleum ether layer. Turbidity may be removed by shaking the solution with 
additional aliquots of petroleum ether and recentrifuging. 
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several weeks gave highly reproducible results. It may be concluded, 
therefore, that pamaquine in plasma is stable when stored in the re- 
frigerator. 

Specificity—The absence of detectable blanks indicates that there is 
a negligible amount of material in normal plasma and tissues which reacts 
as pamaquine in the analytical procedure described above. The degree 
of specificity is dependent only upon the extent to which the metabolic 


TaBie I 
Recovery of Pamaquine Added to Plasma 











——— oo Recovery Pumegrine — Recovery 
Y 7 per cent Y } Y | per cent 
0.25 0.23 g2 1.00 | 0.94 4 
0.255 102 0.94 | 94 
0.23 92 | Oo | 94 
0.25 100 0.96 | 96 
0.255 102 0.93 93 
0.23 92 0.94 94 
0.255 102 0.98 98 
0.50 0.51 102 0.98 98 
0.50 100 2.00 1.90 95 
0.52 104 1.90 95 
0.51 102 2.02 101 
0.50 100 1.90 95 
0.46 2 1.90 95 
0.44 8S 1.91 96 
0.485 97 1.90 95 
0.49 98 1.82 91 
0.48 96 
0.47 94 
0.48 96 
0.55 110 
0.47 94 
0.49 98 


























products are excluded. The examination of specificity has been made by 
the technique described in Paper I of this series.* These studies were made 
on petroleum ether extracts of plasmas which were obtained from patients 
who received oral doses of the drug and which contained 10 to 20 y of ap- 
parent pamaquine. It is clear from the data shown in Table II that the 
petroleum ether extracts of plasma contain negligible amounts of material 


* Brodie, B. B., Udenfriend, S., and Baer, J. E., J. Biol. Chem., 168, 299 (1947). 
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which react with the coupling reagent which differ in solubility characteris- 
tics from pure pamaquine. 


Tasie II 
Distribution of Pamaquine and Apparent Pamaquine between Water and 
Petroleum Ether at Various pH Values 

The apparent pamaquine was obtained by extraction, with petroleum ether, of 
the plasma of a patient receiving the drug. The compound was then returned to 
dilute acid. Aliquots of this solution and of a pamaquine solution were adjusted to 
various pH values and shaken with equal volumes of petroleum ether. The fraction 
of the compounds extracted at various pH values is expressed as the ratio of the 
amount of compound in the organic phase to total compound. 














Plasma A Plasma B 
- Aqueous contro) /APparent pamaquine Aqueous control /APparent pamaquine 
from plasma extract from plasma extract 
aa (b) ©) @) 
5 0.15 0.20 
6 0.39 0.41 0.48 0.52 
7 0.78 0.77 0.86 0.81 
8 0.93 0.90 1.01 0.96 
9 0.93 0.94 0.97 1.03 
10 0.96 0.98 0.97 1.03 
11 0.97 0.99 1.01 1.03 
13 (0.1 Nn NaOH) 0.99 1.02 

14 (1 n NaOH) 0.99 1.02 0.99 1.03 














Columns (a) and (c), pure pamaquine; column (b), apparent pamaquine from 200 
ml. of pooled plasma from ten patients, extracted into petroleum ether and returned 
to dilute acid; column (d), apparent pamaquine from 80 ml. of plasma from a single 
patient, extracted into petroleum ether and returned to dilute acid. For columns 
(a) and (b) measurements were taken at temperatures which differed from those for 
columns (c) and (d) by several degrees, which accounts for the difference in the two 
sets of measurements. 


Procedure for SN 5918 (4,4'-Dithydroxy-3 ,3’-di(diethylaminomethyl)diphenyl 
Ether) 


General Considerations—The sensitivity requirements for the estimation 
of this compound are not as critical as in the case of the 8-aminoquinolines 
because the plasma levels with therapeutic dosage are relatively high. It 
is not necessary, therefore, to make the final measurement in a small vol- 
ume. 

The large blank resulting from the instability of diazotized sulfanilic 
acid when it is used in neutral or alkaline solution precludes its use, but 
diazotized p-nitroaniline-o-sulfonic acid is satisfactory in this respect. The 
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absorption spectrum of the resulting dye indicates maximal absorption at 
450 mu. However, the reagent itself absorbs a considerable amount of 
light at this wave-length and it is necessary to make the readings at 520 
mu, at which the blank is negligible and the absorption of light by the dye 
is still sufficient for precise measurements. 

Reagents— 

1. Standard solution of SN 5918, 100 mg. per liter. 100 mg. of the free 
base are dissolved in 1 liter of 0.1 N HCl. This solution is stable when 
stored in the refrigerator. Working standards are prepared daily by dilu- 
tion with 0.01 nN HCl. 

2. 1 n NaOH. 











Taste III 
Recovery of SN 5918 (4, 4'-Dihydrory-3 , 3'-di(diethylaminomethyl)diphenyl Ether 

SN 5918 added SN 5918 found | Recovery 
7 7 per cent 

5 5.1 102 

5.1 102 

5.0 100 

| 5.1 | 102 

10 | 11.1 | 111 

10.7 | 107 

10.7 107 

15 | 15.4 103 

15.0 100 

14.5 97 

| 16.0 | 107 





3. Benzene. A technical grade of benzene is purified by successive 
washes with 1 Nn NaOH, 1 n HCl, and water. 

4. 0.05 n HCl. 

5. 0.5 n NaOH. 

6. 0.5 mM NasHPO,. 

7. Coupling reagent. Solution A, 1.26 gm. of p-nitroaniline-o-sulfonic 
acid is added to 15.0 ml. of concentrated HCI and is then diluted to 1 liter. 
Solution B, 0.5 per cent sodium nitrite. These solutions are stored in the 
refrigerator. 

Directions for Diazotization—The final coupling reagent is made up of 
10 ml. of Solution A and 0.3 ml. of Solution B. After 10 minutes, to allow 
for complete diazotization of the p-nitroaniline-o-sulfonic acid, the reagent 
is ready for use. This reagent, which must be made fresh daily, is diluted 
1:5 for use in the procedure. 

Procedure—Add 1 to 10 ml. of biological sample* (containing up to 50 7 
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of SN 5918) and 1 ml. of 2.5 n NaOH to 30 ml. of benzene in a 60 ml. 
glass-stoppered bottle. Shake for 10 minutes on a shaking apparatus. 
Allow the phases to separate, centrifuging the bottle if necessary. Add 
2 ml. of isoamyl] alcohol and mix with the benzene phase so as not to dis- 
turb the aqueous phase. Transfer 20 ml. of the benzene phase to another 
bottle containing 6 ml. of 0.05 n HCl and shake for 5 minutes. Pour the 
contents of the bottle into a test-tube and centrifuge for 2 minutes at low 
) speed. Remove the benzene phase by aspiration. Transfer exactly 5 ml. 
of the aqueous phase to a colorimeter tube. Adjust the pH by the addition 
of 0.5 ml. of 0.56 Nn NaOH and 0.5 ml. of 0.5 Mm NagHPO,. Add 0.5 ml. of 
the diluted diazo reagent and then after 10 minutes add 0.5 ml. of 1 Nn 
NaOH. Determine the optical density at a wave-length of 520 mu. 
Coupling reagent added to acid and buffered as above is used for the blank 
setting of the instrument. 

Standards—These are prepared by taking 5 ml. of standard solution in 
0.05 n HCl and adding buffer and coupling reagent as described above. 
A standard curve is constructed with optical density plotted against micro- 
grams of SN 5918 per ml. of solution. 


Results 


The results detailed in Table III indicate that the sensitivity and the 
precision of the method are quite adequate for amounts aslowas5y. The 
degree to which metabolic products of the drug are excluded has not been 
examined. 

SUMMARY 


A simple general method is described which, with minor modification, 
is applicable to the determination of many aromatic amines in which the 
position para to the amino group is free. The method has been applied 
to the estimation of pamaquine in biological tissues for illustrative pur- 
poses. This procedure permits the determination of pamaquine in amounts 
as low as 0.25 y. 

Pamaquine is isolated from the biological material by an extraction of 
the free base with petroleum ether at an alkaline pH. The petroleum ether 
phase is shaken with a small volume of diazotized sulfanilic acid. Pama- 
quine reacts with the latter to form a water-soluble dye. The concentra- 
tion of this dye is determined by the measurement of its optical density. 

A comparison of the solubility characteristics of pamaquine and the 
apparent pamaquine extracted from the plasma of patients who were 
receiving the drug indicates that the method has a high degree of specificity 
in that it includes, in the final measurement, no products which are meta- 
bolic derivatives of pamaquine. 
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i 

The method has also been applied to 4,4’-dihydroxy-3 ,3’-di(diethyl- | 
aminomethyl)diphenyl ether, which is an aromatic amine containing q 

free phenol group. This compound is isolated from the biological material 
by an extraction of the free base with benzene at an alkaline pH. The drug | 
is reextracted into acid and then coupled with diazotized p-nitroaniline-o- 
sulfonic acid at a slightly alkaline pH. | By 
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THE ESTIMATION OF BASIC ORGANIC COMPOUNDS 
IN BIOLOGICAL MATERIAL 


V. ESTIMATION BY SALT FORMATION WITH METHYL ORANGE* 


By BERNARD B. BRODIE, SIDNEY UDENFRIEND, anp WESLEY DILL 
(From the Department of Medicine, New York University College of Medicine, and 
the Research Service, Third (New York University) Medical Division, 
Goldwater Memorial Hospital, New York) 


(Received for publication, January 6, 1947) 


The methy! orange salts of most organic bases are highly soluble in cer- 
tain organic solvents but relatively insoluble in water. Bases may, there- 
fore, be assayed indirectly through the extraction of their methyl orange 
salt into an organic phase. The methyl orange which goes into the organic 
phase is measured photometrically. This is a general reaction and has been 
used in the design of analytical procedures for a number of alkaloids and 
synthetic basic organic compounds. The application of this reaction to the 
estimation of basic drugs in biological samples with ethylene dichloride as 
the solvent for the extraction has been described in a previous paper (1). 
The sensitivity of the reaction in this solvent is limited by some solubility 
of free methyl orange in ethylene dichloride and by complex formation of 
the dye with normally occurring organic bases extractable from the biological 
material. This limited the method to the analysis of drugs which are 
present in concentrations of about 0.5 mg. or more per liter of plasma. 
The use of the less polar solvent benzene, when possible, minimizes the 
above difficulties, since neither methyl orange nor the normally occurring 
biological substances which interfere are soluble in this solvent to an ap- 
preciable extent. Consequently, about a 10-fold increase in sensitivity 
may be achieved by returning the methyl orange from the benzene to a 
small volume of acid and assaying its concentration by microphotometry. 
This permits the estimation of cinchonine and many other compounds 
which are found in plasma at low concentrations after therapeutic dosage 
and which cannot be assayed by fluorescent or coupling methods. Con- 
centrations in the order of 50 y per liter of plasma may be estimated. An 
additional advantage of using the less polar solvent, benzene, is that separa- 
tion of the drug from its metabolites is facilitated. 

The organic base is separated from the biological sample by extraction 


*The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and New York University. A portion of this work has appeared in 
abstract form (Federation Proc., 5, 126 (1946)). 
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into benzene at an alkaline pH. The benzene phase is shaken with methy] 























orange solution at pH 5 and the excess methyl orange is removed. The } ™ 
methyl orange which dissolves in the solvent through salt formation with | 51 
the organic base is returned to a small volume of acid and measured pho- 
tometrically. | 
The development of a procedure for the estimation of cinchonine in | of 
biological material is given to illustrate the general method of analysis, gla 
The procedures for other bases are the same in principle, and the pertinent All 
details for some basic compounds tested as antimalarials in this laboratory 0.5 
are presented in Table I. dist 
pos 

TABLE I oral 

Data on Basic Organic Compounds That Can Be Estimated by Methyl Orange Reaction at < 
Compound Specificity (human plasma) _ 

Cinchonine | Specific pha 
Cinchonidine m mic! 
Paludrine. 1-(p-Chloropheny])-4-isopropylbiguanide " orar 

SN 4430. 1-(p-Chloropheny]) -4-methyl-4-isopropy]- Not examined 

biguanide po 
SN 8323. 2-(p-Chlorophenylguanidyl)-4-methy]-6- we - proce 
(diethylaminoethylamino) pyrimidine A 
SN 8538. 2-Phenyl-4-a-piperidyl-1-quinolinemethanol - 6s the ; 
SN 8233. 8-(4-Diethylamino-1-methylbutylamino)-5,6- = o dens 
dimethoxyquinoline | in ‘ion 

} ee sity. 
Procedure for Cinchonine St 
Reagents— solut 
1. Standard solution of cinchonine, 100 mg. per liter. 100 mg. of the ling | 
free base are dissolved in 1 liter of 0.1 N H,SQ,. This solution is stable abov 
when stored in the refrigerator. Working standards are prepared daily settir 
by dilution with 0.1 N HSO,. curve 
2. 2.5 Nn NaOH. drug. 
3. Benzene. A technical grade of benzene is purified by successive wash- need 
ings with 1 nN NaOH, 1 n HCl, and water. | densi 


4. Isoamyl alcohol. A reagent grade of isoamy! alcohol is washed with optic: 
0.2 volume of 1 n HCl, followed by several washes with water. | 


5. Methyl orange solution. Dissolve 90 mg. of the sodium salt of methyl ‘0; 
orange in 100 ml. of 0.5 m boric acid solution by gentle heating, and cool series 
the solution to room temperature. Filter if necessary. Wash the solu- — 
tion several times by shaking with an equal volume of ethylene dichloride. | cent ,, 


To test the solution dilute it 1:100 with 1 N HCl and measure the optical most 0 


density in the Coleman model 6 spectrophotometer which has been adapted (4). 
seri 
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to microphotometry (2). The optical density should read about 0.500 at 
515 my. 

6. 1 n HCl. 

Procedure—Add 1 to 10 ml. of biological sample’ (containing up to 5 y 
of cinchonine) and 1 ml. of 2.5 nN NaOH to 30 ml. of benzene in a 60 ml. 
glass-stoppered bottle and shake for 10 minutes, on a shaking apparatus. 
Allow the phases to separate, centrifuging the bottle if necessary. Add 
0.5 ml. of isoamyl alcohol and mix with the benzene phase so as not to 
disturb the aqueous phase. Transfer as much of the benzene phase as 
possible to a glass-stoppered centrifuge tube containing 0.5 ml. of methyl 
orange reagent. Shake for 5 minutes and then centrifuge for 10 minutes 
at 2500 r.p.M. Transfer 20 ml. of the supernatant benzene phase to a 
tapered glass-stoppered centrifuge tube containing 0.5 ml. of 1 n HCL. 
Shake for 5 minutes and then centrifuge. Carefully remove the benzene 
phase by aspiration. Transfer at least 0.3 ml. of the aqueous phase to a 
micro colorimeter tube and determine the optical density of the methyl 
orange solution at a wave-length of 515 mu, using the Coleman model 6 
spectrophotometer adapted to micro spectrophotometry as described in the 
procedure for pamaquine (2). 

A reagent blank in which water is substituted for plasma is run through 
the above procedure and is used for setting the instrument to zero optical 
density. This reagent blank should not give an optical density of more 
than 0.010 when 1 n HCl is used to set the instrument at zero optical den- 
sity. 

Standard Curve—Standards are prepared by taking 1 ml. of standard 
solution, adding 1 ml. of 2.5 n NaOH and 30 ml. of the benzene, and hand- 
ling in the same manner as described for the biological sample. As noted 
above, a reagent blank is run through the same procedure and is used for 
setting the instrument to zero optical density. A permanent standard 
curve is constructed with optical density plotted against micrograms of 
drug. This is a highly reproducible linear relationship, so that standards 
need not be run together with each set of determinations. The optical 
densities were found to be proportional between 0.5 and 4 y per ml. An 
optical density of 0.109 is obtained on the adapted Coleman model 6 spec- 


‘Organ tissues and feces are emulsified in acid as described in Paper I of this 
series (3). There are substances in normal tissues which react with the methyl 
orange to give a considerable blank. To remove these the emulsified tissues are 
treated as follows: To 1 volume of emulsified tissue are added 5 volumes of 20 per 
cent metaphosphoric acid. This serves to precipitate the proteins and to remove 
most of the substances in tissue which react with the methyl orange to give a blank 
(4). An aliquot of the filtrate is made alkaline and extracted with benzene as de- 
scribed in the procedure. 
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trophotometer when 1 y of cinchonine is run through the procedure as 
described above. 
Results 
A summary of the recoveries of known amounts of cinchonine added to 
plasma is shown in Table II. It is evident from these results that the sen- 
sitivity and precision of the method are quite adequate for amounts of 
cinchonine as low as 0.5 y. Analyses run on single samples over a period 





TABLe II 
Recovery of Cinchonine Added to Plasma 
Cinchonine added Cinchonine found Recovery 
7 Y per cent 

0.5 0.57 114 
0.51 102 

0.45 90 

0.50 100 

0.47 | 4 

] 0.98 QS 
| 1.00 100 

1.01 101 

1.06 106 

0.99 99 

0.94 94 

2 2.0 100 
2.05 103 

1.95 98 

1.92 96 

1.90 95 

1.90 95 

1.85 93 





of several weeks gave highly reproducible results, from which it may be 
concluded that the drug in plasma is stable when stored in the refrigerator. 

Specificity—There is a small amount of material in normal biological tis 
sues which reacts as cinchonine in the analytical procedure described above. 
This interference is negligible for most tissues when concentrations of the 
drug are high but for plasma in which it varies from 0 to 10 y per liter it 
constitutes an error which limits the sensitivity of the method. 

The possible interference by drug metabolic products has been tested. 
Cinchonine metabolizes in the body in the main to 2-hydroxycinchonine 
and to a derivative of the latter with an additional oxygen in the quinueli- 
dine ring.” Both of these compounds have been isolated from the urine 


2 Brodie, B. B., Baer, J. E., and Craig, L., unpublished work. 
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and have been shown io be present in plasma from persons receiving the 
drug. ‘These compounds show a negligible interference in the method 
described above. The method, therefore, is highly specific. 


Comment 


Numerous organic bases form complexes with methyl orange which are 
quite soluble in benzene, so that the methyl orange enters the organic phase 
in amounts equivalent to the contained base. Other organic bases form 
complexes which distribute between water and the benzene phase, so that 
the amount of methyl orange which enters the organic phase is less than the 
equivalent base contained therein. It has been found in the latter instances 
that the standard curve varies somewhat from day to day and therefore 
standards must be run concurrently with each set of determinations. The 
solubility of the complex in the water phase may be decreased by using 
more concentrated methyl orange solutions. The methyl orange complexes 
are, as a rule, more soluble in the more polar solvent, ethylene dichloride. 
This solvent can often be used in those instances in which the complex is 
not soluble in benzene. However, it is preferable to use benzene when 
possible because of the low tissue and reagent blank and consequently the 
higher sensitivity. 


SUMMARY 


The sensitivity of the methyl orange reaction with organic bases has been 
increased for compounds which are extractable from biological material 
with benzene and whose complex with methyl] orange is soluble in this sol- 
vent. For illustrative purposes, this revised method has been applied to 
the development of an analytical procedure for the estimation of cinchonine. 
This procedure permits the estimation of cinchonine in amounts as low as 
0.5 y. Pertinent information for the estimation by this method of certain 
other antimalarial drugs is also given. 

Cinchonine is isolated from the biological material by an extraction of the 
free base with benzene at an alkaline pH. The benzene is shaken with 
methyl orange solution. The methyl orange which dissolves in the sol- 
vent through salt formation with cinchonine is returned to a small volume 
of acid and its concentration is estimated by determining the optical 
density. 

The method as applied to cinchonine has a high degree of specificity. 
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THE ESTIMATION OF BASIC ORGANIC COMPOUNDS 
IN BIOLOGICAL MATERIAL 


VI. ESTIMATION BY ULTRAVIOLET SPECTROPHOTOMETRY* 


By EDWARD 8. JOSEPHSON 
(From the Division of Physiology, National Institute of Health, Bethesda, Maryland) 
anp SIDNEY UDENFRIEND anp BERNARD B. BRODIE 
(From the Department of Medicine, New York University College of Medicine, and 
the Research Service, Third (New York University) Medical Division, 
Goldwater Memorial Hospital, New York) 


(Received for publication, January 6, 1947) 


Many basic organic compounds exhibit characteristic absorption maxima 
inthe ultraviolet region. Ultraviolet spectrophotometry lacks the sensitivity 
of the methods of assay previously described in this series of papers, but 
it may be useful as a final means of assay for compounds not readily amen- 
able to analysis by other methods. It can also be used as an aid in de- 
veloping procedures which may eventually involve other principles of assay 
(1). Ultraviolet spectrophotometry has been applied to the quantitative 
estimation of organic bases in plasma! at concentrations in the order of 
1 mg. per liter. 

The organic base is isolated from alkalized plasma by extraction into 
a suitable organic solvent. Normally occurring interfering substances are 
removed from the plasma extract by means of an aqueous alkaline wash. 
The drug is then returned to 0.1 N H.SO, and the concentration of the 
compound is estimated spectrophotometrically. 

A procedure for the estimation of quinine in plasma is given to illustrate 
this method of analysis. Quinine in 0.1 N H.SO, possesses an absorption 
maximum at 250 my, and measurements are therefore made at this wave- 
length. The procedures for other bases are the same in principle, differing 
in the choice of solvent and the wave-length of maximal light absorption. 


General Considerations 


Instrument—The instrument used was the Beckman quartz photoelec- 
trie spectrophotometer. A recent simple adaptation of this apparatus 


* The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and 
Development and New York University. A portion of this work has appeared in 
abstract form (Federation Proc., 6, 140 (1946)). 

1 The measurement of drug concentration in organ tissues has not been attempted 
as yet in this laboratory. 
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permits the use of small volumes without changing the length of the light 
path through the solution (2). It is possible that the sensitivity of the 
method described below may be markedly increased by using this adapta- 
tion. 

Solvents—Heptane and ethylene dichloride have been used as the ex- 
tracting solvents. The purification of these solvents involves the removal 
of those substances which are extractable by acid and which interfere in the 
final measurement. The solvents are routinely purified by shaking suc- 
cessively with 1 nN NaOH and | n HCl, followed by two washes with water. 
Technical grades of solvent have been found satisfactory. 

Blanks—The limiting factor in the sensitivity of the absorption measure- 
ments is the reagent blank. The blank due to the reagents is minimized by 
purifying the solvents as described above. The glass-stoppered tubes 
used in the final acid extraction, the pipettes used in transferring the acid 
solution to the cuvette, and the cuvettes are cleaned with chromic acid. 
The optical density of the reagent blank should not be greater than 0.005 
when measured between the wave-lengths 230 to 300 mu. At higher wave- 
lengths the blank is negligible. 

Ethylene dichloride and, to a lesser degree, heptane, extract. normally 
occurring organic bases from plasma which also absorbs light between 230 
and 300 mu. These substances may be selectively removed from the sol- 
vent extract by an aqueous alkaline wash at about pH 9. For this purpose, 
an aqueous solution of sodium borate is used. 


Procedure for Quinine 


Reagents— 

1. Standard solution of quinine, 100 mg. per liter. 100 mg. of the free 
base are dissolved in 1 liter of 0.1 N H,SO,. 

2. 2.5 n NaOH. 

3. Ethylene dichloride. A technical grade of ethylene dichloride is 
purified as described above. ° 

4. 0.02 n sodium borate. 

5. 0.1 n H,SO,. 

Procedure— Add 1 to 4 ml. of plasma and 1 ml. of 2.5 n NaOH to 15 ml. 
of ethylene dichloride in a 60 ml. glass-stoppered bottle and shake for 10 
minutes on a shaking apparatus. Transfer the contents to a test-tube and 
centrifuge at 3000 r.p.m. for 5 minutes. Remove the aqueous phase by 
aspiration. Transfer as much of the solvent phase as possible to a 60 ml. 
glass-stoppered bottle. Add about 3 volumes of the sodium borate solu- 
tion and shake for 5 minutes. Remove the aqueous phase by aspiration. 
Repeat the washing. Then transfer 10 ml. of the solvent phase to a 60 
ml. glass-stoppered bottle or to a glass-stoppered test-tube containing 4 
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ml. of 0.1 N H.SO,. Shake for 3 minutes and then centrifuge at low speed. 
Transfer about 3 ml. of the aqueous phase to a quartz cuvette and read the 
optical density in a spectrophotometer, with the instrument set at the 
wave-length 250 mu. A reagent blank, with water substituted for plasma, 
is run through the same procedure. This should not have an optical den- 
sity greater than 0.005. 

Working standards of the drug are prepared by dilution of the stock 
standard with 0.1 N H,SO, The samples give readings on the spectro- 
photometer which are directly proportional to their concentration. A 
“dummy” consisting of 0.1 N H,SO, is used for the blank setting of the 


TaBLeE I 
“Recovery of Quinine Added to Plasma 








Quinine added Quinine found Recovery 
7 Y per cent 
5 | 4.95 99 

5.05 101 

4.94 99 

5.03 101 

10 10.1 101 
10.1 101 

9.97 100 

9.88 99 

20 19.8 99 
20.0 100 

19.5 98 

19.7 99 








spectrophotometer. A concentration of quinine of 5 y per ml. should read 
about 0.430 in terms of optical density. 


Results 


The data in Table I indicate that the sensitivity and precision of the 
method are adequate for amounts of quinine as low as 5. Normal plasma 
extracts contain negligible amounts of material which interfere in the pro- 
cedure described above. The extent of interference by metabolic prod- 
ucts of the drug has not been assayed. 


SUMMARY 


A simple spectrophotometric method is described which is applicable 
to the estimation of many organic soluble bases which absorb light in the 
ultra-violet region. This method has been applied for illustrative purposes 
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to the estimation of quinine in plasma. This procedure permits the de- 
termination of quinine in amounts in the order of 5 ¥. 

Quinine is isolated from the plasma by an extraction of the free base 
with ethylene dichloride at an alkaline pH. Normally occurring substances 
which interfere in the absorption measurement are selectively removed by 
an aqueous wash at pH 9. The drug is then returned to acid and the con- 
centration measured spectrophotometrically at 250 mu. 
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THE PLASMA AMINO ACID AND AMINO NITROGEN 
CONCENTRATION DURING NORMAL PREGNANCY, 
LABOR, AND EARLY PUERPERIUM* 

By ROY W. BONSNES 
Wirth THe Tecunicat Assistance or ELeanor M. Brew 
(From the Chemistry Laboratories of the Department of Obstetrics and Gynecology, 
Cornell University Medical College and The New York Hospital, New York) 


(Received for publication, December 21, 1946) 


The a-amino nitrogen in plasma during normal pregnancy, labor, and 
the early puerperium has been determined by the gasometrie ninhydrin- 
carbon dioxide method and is reported in this communication. For 
comparison, the amino nitrogen has also been determined simultaneously 
by the photometric method with sodium $-naphthoquinone-4-sulfonate. 


EXPERIMENTAL 


Subjects—Blood specimens were obtained by venipuncture from women 
who were pregnant, in labor, and in the early puerperium. All these 
women were normal clinically. Blood specimens were also obtained from 
women who were admitted to the gynecological service for minor surgical 
procedures. These specimens were used to determine the normal non- 
pregnant values. 

The blood specimens taken during pregnancy were obtained as the 
women registered at or attended the antenatal clinic. These patients had 
eaten varying amounts of different foods for breakfast, and the bloods were 
taken at varying times following the meal. However, no indication has 
been obtained that ingestion of breakfast has any marked effect upon the 
values obtained. This is probably due to the fact that the breakfasts 
consumed were generally light and contained only small amounts of protein. 
All other blood specimens were withdrawn from patients before breakfast. 

Methods—The free amino acid nitrogen in picric acid filtrates of plasma 
was determined by the gasometric ninhydrin-carbon dioxide method of 
Hamilton and Van Slyke (1). None of these data are corrected for urea. 

The amino nitrogen in Wu filtrates of plasma (2) was determined by 
the Folin reaction as described by Frame, Russell, and Wilhelmi (3) and 
by Russell (4). The transmission of the final colored solutions was deter- 
mined with an Evelyn photometer (5) with Filter 520.1 

* This study was aided by a grant from the John and Mary R. Markle Foundation. 

1 Frame, Russell, and Wilhelmi (3) recommend Filter 490. When this work was 
started we did not have this filter. We have subsequently determined that for all 
practical purposes it makes very little difference whether one uses Filter 520 or 490 


if average values are compared as in this paper. It is true, of course, as pointed out 
by the original authors, that the resolving power is greater when Filter 490 is used. 
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Urea was determined directly on the plasma by the Conway micro 
diffusion method (6) as modified by Steinitz (7). 


Results 


The plasma amino acid nitrogen during pregnancy and during labor 
averages about 3.2 mg. per cent (Table I). This is approximately 25 per 
cent less than the values observed in normal non-pregnant women. The 


TABLE I 


Plasma a-Amino Acid Nitrogen during Pregnancy* 
9 g g y 








| 
Lunar month of No. of specimens Mean Range o 





pregnancy 
mg. per cnt si as. per cent "4 re 

3 Il 3.3 2.9-3.7 0.30 

4 } 19 3.2 2.5-3.7 0.26 

5 14 3.3 2.6-4.0 0.39 

6 18 3.1 2.1-4.0 0.40 

7,8 10 3.2 2.8-3.7 0.28 

9, 10 13 3.3 3.0-3.7 0.26 

S5 3.2 2.14.0 





. About 90 per cent of these determinations were carried out in duplicate. 


TaBLe II 


Plasma a-Amino Acid Nitrogen, Amino Nitrogen, and Urea of Normal Non-Pregnant, 
Pregnant, and Parturient Women 




















| No. of Ninhydrin method | Photometric method lat. - - My Urea, 
\Ngact,| np essceeeniensissmitiittmae | average 
Average |e i Average | @¢ ] ep | 

—— | = ea Fl | vel még. 
meg. per cent | me. per cent per 

| cent 

Normal 15 $4.2 (3.84.8) 0.29 | 4.5 @. 3-6.2) 0.69 | 1.54 | 12.0 
Pregnant 39 | 3.2 (2.1-4.0) | 0.39 | 3.5 (2.34. 7) 0.56 | 2.78 | 8.7 
Labor.... 18 | 3.0 (2.4-3.7) | 0.28 | 3.9 (2.8-6.2) 0.81 | 4.31 | 9.4 
Pestpertem | 25 | 4.3 (3.5-5.0) | 0.33 | 5.4 (4.1-6.8) | 0.71 | 7.05 | 12.6 


amino acid nitrogen has reached this level by the 9th week of pregnancy. 
Two plasmas have been obtained from women in their 6th week of preg- 
nancy. The amino nitrogen was decreased at this time in these two. No 
significant change in amino acid nitrogen level occurs during pregnancy. 
No change takes place during labor. There are no indications in the 
determinations performed upon plasma from eighteen patients who had 
been in active labor for varying lengths of time (from 1 to 53 hours, with 
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the majority ranging from 1 to 16 hours of labor) that there would be any 
particular change in the value as a function of the time in labor or the 
character of the labor. 

The free amino acid nitrogen values return to normal shortly after 
delivery. The present data are not sufficient to delimit the exact time. 
However, normal values may be observed on the Ist and 2nd postpartum 
days. 

The values obtained by the photometric method for amino nitrogen are 
generally higher than those obtained by the more specific ninhydrin 
method. Such a result was expected. In the normal and pregnant series 
the photometric method gave values some 7 and 10 per cent higher, re- 
spectively, than thoge obtained by the ninhydrin method (Table II). 
This difference is of the same order of magnitude as that which Hamilton 
and Van Slyke (1) observed between the values obtained with the ninhydrin 
method compared with those by the Van Slyke nitrous acid method (8). 
The results obtained by the photometric method during labor and during 
the early puerperium are 30 and 26 per cent higher, respectively, than 
the corresponding values by the ninhydrin method. This result was not 
expected. At the present writing it cannot be explained. 


DISCUSSION 


The values obtained here for the plasma amino acid nitrogen in the 
normal non-pregnant individual are of the same order of magnitude as has 
been previously reported by others (1, 9-12). In so far as we know, this 
is the first report of the determination of the plasma amino acids by the 
gasometric ninhydrin-carbon dioxide method during pregnancy, labor, 
and the early puerperium. 

The reason for this decrease in the plasma amino nitrogen is not clear. 
It may be in part due to the increase in blood volume which occurs during 
pregnancy (13). But if this were the only factor involved, a gradual 
decrease in the amino acid nitrogen as a function of the time elapsed since 
conception might be expected. Such a relationship does not seem to 
exist. No reciprocal relationship exists between the amino acid nitrogen 
and the urea nitrogen, since both values are decreased in pregnancy (14). 
But the urea seems to decrease as a function of the length of pregnancy, 
whereas the amino nitrogen remains constantly low. Nor does there 
seem to be any correlation between the plasma amino nitrogen and the 
plasma uric acid. According to our results the concentration of this 
latter compound in the plasma is definitely decreased in early pregnancy 
and possibly tends to increase somewhat toward term.? 


* Bonsnes, R. W., unpublished data. 
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The value obtained in this study for plasma amino nitrogen by the 
8-naphthoquinone-4-sulfonate reaction is definitely lower than the 4.5 mg, 
per cent reported by Plass and Mathew (15) by the original Folin proce- 
dure. Therefore, it may not be comparable because of the modifications 
in procedure and improvements in instrumentation which have occurred 
since then. It is interesting to note, however, that the plasma value 
reported by Plass and Mathew for the pregnant woman is significantly 
lower than that reported by both Folin and Berglund (16) and by Wu (2) 
when the data of these investigators are evaluated statistically. Since 
all three investigators used essentially the same method at about the 
same time, their data should be comparable. 

The significantly higher values obtained by the photometric method 
as compared with the gasometrie ninhydrin-carbon dioxide method during 
labor and during the early puerperium cannot be explained. The increase 
may be due, in part, to the increase in uric acid which supposedly occurs 
during that time (17-19). If urie acid alone were responsible, a correlation 
should exist between the uric acid value and the amino nitrogen value. 
But when such data are plotted, no apparent correlation appears. How- 
ever, the data have not been subjected to any rigorous mathematical 
analysis. Further data along these lines are being collected. In view of 
these results, amino nitrogen as determined by the 8-naphthoquinone-4- 
sulfonate method may not justifiably be translated into amino acid nitrogen 
unless both the 6-naphthoquinone and the ninhydrin methods give approxi- 
mately similar results under similar experimental conditions. 

Increases in amino nitrogen during labor and the puerperium have been 
reported previously. Scontrino (20) reported an increase in the amino 
nitrogen of trichloroacetic acid filtrates of plasma as determined by the 
Van Slyke nitrous acid method (8) and Doneddu (21) has observed an 
increase in the amino nitrogen of whole blood filtrates as determined by 
the Folin method during this period. Both these investigators found 
the increase to occur during the last weeks of pregnancy. Scontrino also 
found the amino nitrogen to be higher in early pregnancy than in the 


3 These calculations have been carried out by us in the usual manner, using the 
data which appear in the original papers. Both Wu (2) and Plass and Mathew (15) 
give the actual data, and so no assumptions need be made. However, Folin and Berg- 
lund (16) give an average value and the range of values, from which it is possible to 
calculate the maximum and minimum variance possible (but not necessarily permis- 
sible). A median possible variance was then calculated from these two figures. 
This calculated variance agreed well with one calculated from anassumed reconstruc- 
tion of the data. Any errors involved in making these assumptions will not change 
the order of magnitude of the result sufficiently to alter the conclusion that the aver- 
age value is significantly different from the one reported by Plass. 
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normal non-pregnant individual. Doneddu observed normal values during 
the early puerperium. Contrariwise, Morse (22) interpreted his limited 
data as indicating no change in the amino nitrogen of trichloroacetic acid 
filtrates of both whole blood and plasma during labor. Our own data do 
not indicate any rise in the amino nitrogen in the plasma until the time of 
labor, and even then some of the values lie within the range observed 
during pregnancy. 

The lower amino acid and amino nitrogen content of the plasma during 
pregnancy reported here necessitates a reevaluation of the amino nitrogen 
levels in whole blood during pregnancy. Previously the amino nitrogen 
of whole blood has been reported unchanged during pregnancy (i.e., 
essentially the same as in a non-pregnant individual) as determined by 
both the colorimetric (15, 21, 23) and the gasometric nitrous acid methods 
(22). These observations have been confirmed by us many times before the 
plasma amino acid nitrogen had been determined. Since the whole blood 
amino nitrogen is within normal limits and the plasma amino acid nitrogen 
and the amino nitrogen are decreased and the hematocrit is also decreased, 
it follows that the amino nitrogen (but not necessarily the amino acid 
nitrogen) of the cells during pregnancy is increased. A preliminary 
survey indicates that the compounds present in the cells which react with 
8-naphthoquinone-4-sulfonate do not all react with ninhydrin. The cells 
seem to have a normal content (7.e., normal non-pregnant value) of com- 
pounds which react with ninhydrin and a much higher content of com- 
pounds which react with 8-naphthoquinone-4-sulfonate. When sufficient 
of these data have been collected, they will be presented in a separate 


paper. 
SUMMARY 


The a-amino acid nitrogen and the amino nitrogen in the plasma during 
pregnancy, labor, and the puerperium have been determined by the 
gasometric ninhydrin-carbon dioxide and by the photometric 8-naphtho- 
quinone-4-sulfonate methods, respectively. The a-amino acid nitrogen 
was found to average about 3.2 mg. per cent during pregnancy and labor 
and to return to a normal of about 4.3 mg. per cent during the early puer- 
perium. The amino nitrogen averaged 3.5 mg. per cent during pregnancy, 
3.9 mg. per cent during labor, and 5.4 mg. per cent during the early puer- 
perium. These last two values are significantly different from those 
obtained by the gasometric ninhydrin procedure. 


We wish to thank the house and nursing staffs of The Lying-In Hospital 
for their cooperation in obtaining the blood samples analyzed. 
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THE COMPOSITION OF CARDIOLIPIN* 
By MARY C. PANGBORN 


(From the Division of Laboratories and Research, New York State 
Department of Health, Albany) 


(Received for publication, January 13, 1947) 


The isolation of the phospholipide cardiolipin from beef heart was first 
reported in 1941 (1) and some of its chemical properties have been discussed 
in subsequent reports in connection with improvements in methods of 
preparation (2-4). The present paper deals with a study of the products 
of alkaline hydrolysis. The data presented have been collected from 
numerous experiments in which samples of several lots of cardiolipin were 
used. 

Cardiolipin is easily saponified with potassium hydroxide in absolute 
alcohol at room temperature, when the greater part of the phosphorus- 
containing portion of the molecule is obtained as a precipitate of alcohol- 
insoluble potassium salts. This water-soluble, phosphorus-containing 
fraction is a complex ester which breaks down to glycerol and glycerophos- 
phoric acid on acid hydrolysis. The soap solution yields fatty acids 
amounting to about 73 per cent of the weight of cardiolipin, identified as 
oleic and linoleic acids. It does not appear that any significant proportion 
of the molecule is left unaccounted for, and one can therefore formulate 
the general structure of the compound on the basis of the data presented 
here. 

EXPERIMENTAL 
Hydrolysis of Cardiolipin 

To a solution containing 1.03 gm. of sodium cardiolipin in 150 ml. of 
absolute alcohol were added 1.5 gm. of carbonate-free KOH, dissolved in 
absolute alcohol. The solution became cloudy within a minute of mixing 
and the precipitate then increased rapidly, flocculating when the mixture 
was shaken. The mixture was allowed to stand at room temperature 
with occasional shaking for about 2 hours, at which time the supernatant 
was clear. It had previously been found that longer hydrolysis did not 
increase the yield of the precipitate. This initial precipitate was designated 
Fraction K-1 (see flow sheet, below). 


* A preliminary report of this work was presented before the American Society of 
Biological Chemists at the meeting of the Federation of American Societies for Ex- 
perimental Biology at Atlantic City, New Jersey, March 11-15, 1946 (Federation 
Proc., 5, 149 (1946)). 
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The mixture was centrifuged and the precipitate thoroughly washed 
with several portions of absolute alcohol. To the alkaline solution and 
washings were added a further 5 gm. of KOH dissolved in a little water, 
making the final concentration of KOH about 3 per cent. The solution 
was allowed to stand overnight at room temperature to insure complete 
saponification. 

Fatty Acids—The alcoholic soap solution was concentrated in vacuo, 
diluted with water, acidified with H,SO,, and extracted with petroleum 
ether. Further extraction of the acid aqueous solution with ether removed 
only 4 mg. of brownish oily material. The nearly colorless petroleum 
ether extract was washed with water until the washings were free of sulfate; 
it was then dried overnight on anhydrous NaSO,, filtered, concentrated, 
and finally transferred to a weighed flask and evaporated to dryness. 
The residue was dried to constant weight in a desiccator from which air 
was displaced with nitrogen before evacuation to about 2mm. The fatty 
acids weighed 0.751 gm. or 73.3 per cent of the weight of cardiolipin hy- 
drolyzed. The average of four such determinations gave a value of 73.0 
per cent fatty acids. 

Acid Aqueous Fraction—After extraction with ether, the acid aqueous 
solution was neutralized to litmus with KOH and concentrated to dryness. 
The salt mass was repeatedly extracted with warm methyl alcohol; the 
solution so obtained was evaporated to dryness and the residue was taken 
up in absolute methyl alcohol and filtered from a trace of K2SO,. The 
slightly brownish solution was designated Fraction K-2. It was made up 
to 25 ml. and aliquots were analyzed for phosphorus; found, 4.45 mg. of 
P or 10.3 per cent of that originally present. 

Fraction K-1—The precipitate formed in the original saponification 
mixture was a dense white powder, readily soluble in water and extremely 
hygroscopic. It was also soluble in absolute methy! alcohol. Aliquots of 
a methyl alcohol solution were taken for analysis; found, 37.97 mg. of 
P or 88.2 per cent of the original. Hence 98.5 per cent of the phosphorus 
of cardiolipin was recovered in the form of methyl] alcohol-soluble K salts 
by this method of hydrolysis. 


Fatty Acids 


The fatty acids isolated from the petroleum ether extract formed a 
nearly colorless viscous oil. The molecular weight by titration was 279.2. 
Iodine numbers were determined by Yasuda’s modification of the Rosen- 
mund-Kuhnhenn method (5); the mean of the values found for eight 
separately prepared lots of fatty acid was 163, the values ranging from 
159 to 167. The high iodine number made it appear unlikely that any 
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saturated acids were present; nevertheless a sample of 1.4 gm. was examined 
by the lead salt-aleohol method (6). No saturated acid fraction could 
be detected. 

Hydrogenation—A sample of the freshly isolated acids weighing 0.841 
gm. and having an iodine number of 163 was dissolved in 95 per cent 
alcohol and hydrogenated in the presence of platinum oxide catalyst (7). 
The reduced acids obtained after filtration and evaporation of the aleohol 
formed a crystalline mass weighing 0.82 gm., which was recrystallized 
once from 10 ml. of acetone. A trace of material insoluble in the boiling 
acetone was removed by filtration. This substance, which has not been 
identified, weighed 16 mg.; it was insoluble in ether or petroleum ether, 
slightly soluble in chloroform and in hot ethyl alcohol. A little more was 
probably lost in filtering off the catalyst. 

The recrystallized fatty acid separated in glistening plates, weighing 
0.644 gm. The molecular weight by titration was 283. The melting 
point was 68.5-69° and there was no depression when the sample was 
mixed with known stearic acid. A second crop of crystals obtained from 
the concentrated mother liquor weighed 0.11 gm. and melted at 67.5-68°. 

The high yield of stearic acid, amounting to 92 per cent of the reduced 
acid recovered, practically limited the possible components of the original 
unsaturated mixture to oleic, linoleic, and linolenic acids. The high 
iodine number proved that either linoleic or linolenic acid must be present. 

In a preliminary attempt to detect linolenic acid, samples of the fatty 
acid mixture were brominated in chloroform and in ether solutions at 
—5°. Most of the product was an oil, only a very small yield of crystalline 
tetrabromostearic acid being obtained. No ether-insoluble bromide could 
be detected. 

Another sample, 1.30 gm., was brominated in petroleum ether at —5° to 
—10° as recommended by Brown and Frankel (8). The yield of solid 
tetrabromostearic acid was 1.13 gm.; for recrystallization, this was dis- 
solved in 10 ml. of ether and the solution was centrifuged to remove an 
insoluble residue, which weighed 15 mg. The clear ether solution was 
mixed with 20 ml. of petroleum ether and allowed to stand overnight at 
3-6°, when the tetrabromostearic acid separated in glistening rosettes, 
m.p. 113-113.5°. According to Brown and Frankel’s formula (8, 9), the 
yield of tetrabromostearic acid would correspond to a tetrabromide number 
of 86.9 or 84.5 per cent of linoleic acid. A mixture of 84 per cent linoleic 
acid with 16 per cent oleic acid would have an iodine number of 167. 

The chief fatty acids of cardiolipin are therefore linoleic and oleic in the 
approximate ratio 5:1. The presence of small amounts of other acids is 
indicated by the occurrence of a trace of ether-insoluble bromide and the 
acetone-insoluble contaminant in the reduced acid fraction. 
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Water-Soluble Components 


In preliminary experiments on Fraction K-1 it was found that most of 
the material could be converted to Ba salts freely soluble in 50 per cent 
alcohol. Only very small amounts of glycerophosphate could be detected. 
The acid corresponding to the soluble Ba salt could not be prepared intact: 
hydrolysis evidently took place readily in acid solutions, and the recovered 
mixtures always contained considerable amounts of glycerophosphorie 
acid. After Fraction K-1 had been boiled with HCl or H,SO,, two prod- 
ucts, glycerol and glycerophosphoric acid, could be recovered. Glycerol 
was identified as the tribenzoate. A little free phosphoric acid was also 
formed. In Fraction K-2, obtained after acidification of the soap solution, 
practically all the phosphorus was present as glycerophosphoric acid, 
with traces of free phosphoric acid. 


TaBie I 
Recovery of Cleavage Products of Cardiolipin 














Found on analysis | Ration bs tpn 
es = | percent | per cont 
Fatty acids. vcoeeee| 73.8 CuHaCO | 68.59 
Phosphorus. Lee. 4.08* PO; 8.29 
Glycerol “s er ; ; cat ant 17.1 C;H;0; 16.54 
Sodium...... atoxeisinwids Mactikes 2.72t Na | 2.72 

| 
Total... AS ee ee nee | 96.14 


* Found by analysis of intact cardiolipin, 4.18 per cent (see Table IV). 
t Previously reported (2). 





These findings suggested the presence of a complex glyceryl-glycero- 
phosphate ester. Further experiments were designed to show whether 
such a structure could account for the whole of the water-soluble portion 
of the cardiolipin molecule and whether the complex ester could be isolated 
in an analytically pure state. 

A sample of sodium cardiolipin weighing 2.02 gm. was saponified and 
Fractions K-1 and K-2 were separated as described above. Aliquots of 
these two solutions were analyzed for phosphorus and glycerol Fraction 
K-1 contained 76.0 mg. of P and 317 mg. of glycerol; Fraction K-2, 5.6 
mg. of P and 29 mg. of glycerol. In Table I the data are recalculated to 
allow for the water added during hydrolysis. It isevident that the recovery 
of material is essentially complete. 


1 Phosphorus was gravimetrically determined as phosphomolybdate, essentially 
by the method of Elek (10). Glycerol was determined by the method of Blix (11) 
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Acid Hydrolysis of Fraction K-1—75 ml. of an aqueous solution of 
Fraction K-1 containing 0.76 mg. of P per ml. were mixed with 15 ml. of 
concentrated HCl to give a final acid concentration of about 2 n and 
refluxed in an all-glass apparatus for 3 hours. The hydrolysate was 
evaporated to dryness and HCl removed by repeatedly adding small 
portions of water and reevaporating to dryness. The residue was finally 
dissolved in water and the solution was transferred to a 50 ml. centrifuge 
tube and neutralized to phenolphthalein with saturated Ba(OH),. A 
small flocculent precipitate formed. This was collected by centrifugation 
and washed three times with water. It was then redissolved in a little 
dilute HC! and the solution was filtered from a trace of insoluble matter 
and again neutralized with Ba(OH)2. The re-formed Ba salt was again 
thoroughly washed with water and finally with alcohol, followed by ether, 
and dried in vacuo; weight, 0.0764 gm. 

All supernatants and washings from the purification of the insoluble 
fraction were added to the main lot of water-soluble Ba salt. The solution 
was concentrated to 20 ml.’ and mixed with 20 ml. of alcohol, yielding a 
coarsely flocculent precipitate of barium glycerophosphate. This was 
redissolved in water, centrifuged to remove a further trace of the insoluble 
fraction, and again precipitated with an equal volume of alcohol. The 
precipitate was washed with alcohol and ether and dried in vacuo; weight, 
0.4130 gm. A second crop was obtained by concentrating the 50 per cent 
alcoholic mother liquors to 10 ml. and precipitating with 20 ml. of alcohol; 
this weighed 0.0457 gm. and was added to the main lot. For analysis, a 
sample of the pooled Ba glycerophosphate fraction was dissolved in water, 
freed from a trace of the insoluble fraction, reprecipitated with an equal 
volume of alcohol, and dried to constant weight at 140° in vacuo. 


C;H,O;PBa. Calculated. Ba 44.54, C 11.68, P 10.05, glycerol 29.85 
Found. “44.95, “ 11.77, 10.19, “* 29.53 


The 50 per cent alcoholic mother liquors from purification of the glycero- 
phosphate were evaporated to dryness, the residue was extracted with 
acetone, and aliquots of the clarified acetone solution were analyzed by 
the Blix method to determine free glycerol. 

The results are summarized in Table II. The two major products, 
glycerol and glycerophosphoric acid, account for most of the material. 

Fractionation of Fraction K-1—The major component of this fraction 
was isolated in the form of its Ba salt. 

Fraction K-1 from the saponification of 1.87 gm. of cardiolipin was dis- 
solved in absolute methy] alcohol and the solution made up to 50 m1; it 
contained 1.412 mg. of P per ml., or 90.3 per cent of the total phosphorus. 
To 48.0 ml. of this solution, containing 67.8 mg. of P, were added 1.5 ml. of 20 
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percent aqueous BaCl.. A heavy flocculent precipitate formed. The mix- 
ture was allowed to stand 2 hours in the ice box at 3-6° and the precipitate 
was then collected by centrifugation, washed several times with methyl 
alcohol, dissolved in water, and the solution made up to 50 ml. Analysis 
showed 1.176 mg. of P per ml., representing 78.3 per cent of the total 
phosphorus and 86.7 per cent of the phosphorus in Fraction K-1. The 
material thus precipitated as the Ba salt was designated Fraction A. 

The supernatant and washings from Fraction A were concentrated 
in vacuo almost to dryness and dissolved in water. The clear aqueous 
solution was warmed with a slight excess of K:SO, and the BaSO, precipi- 
tate washed several times with hot water. The resulting aqueous solution 
of K salts was evaporated to dryness in vacuo and the residue was extracted 














TABLE II 
Products of Acid Hydrolysis of Fraction K-1 
Fraction Phosphorus Glycerol 
- only mg. | porconteftets | mg. —=s-| por cont af tata 
Crude Fraction K-1....| 56.9 | 100 238 100 
Ba glycerophosphate.. 46.5 | 81.7 | 138 58 
Insoluble Ba salt*..... 8.17 14.4 6.4 2.7 
Organic P.. 3.57 6.3 
Phosphate P 4.60 8.1 
Free glycerol.......... S4 35.3 
Total recovered 54.67 | 96.1 228.4 96.0 





* Dissolved in dilute HCI] and aliquots taken for analysis. Inorganic P was de- 
termined by precipitating the sample directly with the Pregl molybdate reagent. 
In a control test, a glycerophosphate sample allowed to stand overnight with the 
reagent did not split off any phosphate. The difference between the inorganic P 
and the total foynd after fusion gave the organically bound P. 


with several portions of warm methyl alcohol. The insoluble portion 
consisted of K,SO, and was discarded. The methyl! alcohol solution was 
evaporated to dryness and the residue treated with absolute ethyl] alcohol, 
in which most of it was soluble. The ethyl alcohol solution, Fraction B, 
contained 6.43 mg. of P or 9.5 per cent of the total in Fraction K-1; the 
small insoluble portion, which was soluble in methy! aleohol and appeared 
to be the K salt corresponding to Fraction A, contained 1.98 mg. of P 
or only 2.9 per cent of the total. 

It is not clear as yet whether the alcohol-soluble K salt here isolated 
could have been present as such in the original precipitate of Fraction K-1. 
Since no reagents other than neutral salts were used and since the separa- 
tion of Fractions A and B took place merely by precipitation of the Ba 
salt of Fraction A with BaCl:, it would seem that hydrolysis of an original 
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compound of Fractions A and B is excluded. Fraction B might have been 
held in the original precipitate by adsorption on the insoluble K salt of 
Fraction A. Further study of Fraction K-1 by other methods would be 
necessary to determine this point. 

The alcoholic solution of the K salt of Fraction B gave a fairly heavy 
flocculent precipitate on the addition of aleoholic CaCh. The Ca salt so 
prepared was readily soluble in methyl alcohol. Attempts to purify it by 
reprecipitation with absolute ethyl aleohol from aqueous or methyl] alco- 
holic solution were unsuccessful, as its solubility in the mixed solvents was 
too great. One sample was partly purified by first washing thoroughly 
with ethyl alcohol, then dissolving the precipitate in methy! alcohol and 
filtering from a little insoluble matter. The methyl alcohol-soluble salt 
was dried for analysis; found, P 13.61, C 21.24, Ca 7.28. This fraction 
was presumably a mixture. 

Purification of Ba Salt of Fraction A—Several lots of the Ba salt, totaling 
3 gm., were pooled for purification. The salt was dissolved in 25 ml. of 
H;,0 and the slightly cloudy solution was mixed with 25 ml. of alcohol. 
A very small oily precipitate formed, which was redissolved in 5 ml. of 
H,O and mixed with 5 ml. of alcohol; it then yielded a flocculent precipitate 
of Ba glycerophosphate. After two more reprecipitations from 50 per 
cent alcohol the glycerophosphate weighed 0.31 gm. or about 10 per cent 
of the total. 

The pooled 50 per cent alcohol solutions were concentrated in vacuo to 
about 25 ml. and poured into 250 ml. of absolute methyl aleohol. The 
flocculent precipitate was collected after refrigerating overnight. The 
cycle of solution in water, precipitation with an equal volume of alcohol, 
and recovery by precipitation into methyl alcohol, was repeated four 
times more in order to remove further traces of glycerophosphate and 
water-insoluble Ba salts. The purified salt, dried by washing with alcohol 
and ether, weighed 1.25 gm.; it was a dense hygroscopic white powder 
readily soluble in water or 50 per cent ethyl alcohol. A second crop of 
1.1 gm. was recovered by concentrating the dilute methyl aleohol mother 
liquors and once more precipitating with absolute methyl] alcohol. 

For analysis, the purified salt was dried to constant weight in vacuo at 
140°. The results are presented in Table III, together with the calculated 
values for compounds containing two, three, and four glycerophosphate 
radicals. The presumable structure of the compound is discussed below; 
its composition agrees well with that calculated for a compound made up 
of 3 glycerophosphoric acid molecules and 1 additional molecule of glycerol 
(Table III, column (b)). 

Thus, the water-soluble fraction of hydrolyzed cardiolipin consisted 
largely of a single substance, Fraction A, which was easily separated as 
the Ba salt. Second in amount was the rather ill defined Fraction B, 
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differing from Fraction A in the solubility of its K, Ca, and Ba salts in 
ethyl and methy! alcohols, but quite probably not a single compound. 
The other three fractions, glycerophosphoric acid, the acid giving a water- 
insoluble Ba salt, and phosphoric acid, accounted for only a small propor- 
tion of the total. 




















TaBLe III 
Analysis of Ba Salt, Fraction A 

Found Caiculated* 

“Top fraction Second crop a (c) | 7  @) (c) 
Pa waned 27.05 27.45 25.66 | 27.21 28 .06 
ee ve 19.06 19.12 20.19 19.04 18.41 
eae , 12.25 12.04 11.57 12.28 12.66 
Glycerol........... | 46.71 46.51 51.58 | 48.63 | 47.03 





* Values calculated in per cent for the following formulas: (a) CsH200i;P:Ba 
(2 glycerophosphoric acid + 1 glycerol); (6) CisH2sOisPsBa, (3 glycerophosphorie 
acid + 1 glycerol); (c) CisHs2O23P,Baz (4 glycerophosphoriec acid + 1 glycerol). 

+t Carbon was determined by the manometric method of Van Slyke and Folch (12), 
For the carbon determinations reported in this paper the author is indebted to Dr. 
W. R. Thompson. 


The results of the hydrolysis are presented in condensed graphic form 
in the accompanying chart. 
Hydrolysis of Cardiolipin 
Cardiolipin + KOH 


1 


| | 


Supernatant Ppt.: Fraction K-1 
Acidify, extract with CH,;0OH solution + BaCl, 
petroleum ether | 


| | 
| | g | 











Fatty acids Fraction K-2 Soluble Ppt. 
10% of P Fraction B Ba salt 

10-12% of P Fraction A 

78% of P 
Glycerophosphoric acid, Mixture (?) glyceryl- Glyceryl-trigly- 
free glycerol glycerophosphate cerophosphate 
esters (Formula IT) 

DISCUSSION 


Satisfactory criteria of the purity of an amorphous substance such as 
cardiolipin are difficult to establish. Repeated purification over the Cd 











—-- 





th 
“9 
gil 


sk 
acl 


* me 


ma 
for 


the 


gly: 


calc 


nd. 
er- 
or- 


Ba 
ric 


(2). 
Dr. 


rm 


y- 
ate 
I) 


—E —— 








M. C. PANGBORN 359 


salt has not been found to result in significant changes in chemical or 
serologic properties, so far as these have been studied. It was therefore 
felt that cardiolipin purified in the routine manner (4) was sufficiently pure 
for chemical study. However, small amounts of unidentified contaminants 
were undoubtedly still present in the samples used for these experiments. 
The presence of traces of unidentified acids in the fatty acid mixture might 
be accounted for by such impurities. Further study of methods for more 
rigid purification of cardiolipin is desirable; meanwhile, the present results 
are sufficient to establish the general structure of the compound. 

In drawing conclusions from the analytical data, it is to be remembered 
that the Blix method is not specific for glycerol, and a portion of the 
“glycerol” found by analysis might conceivably be some other alcohol 
giving a volatile iodide. However, no evidence for the presence of such 
another aleohol was found. Glycerol was also qualitatively identified 
as the tribenzoate. It is therefore a reasonable assumption that the 
skeleton of the molecule is a polyester of glycerol and glycerophosphoric 
acid. 

In earlier studies it was established that cardiolipin functions as a 


- monobasic acid; thus the ratio Na:P in the neutral Na salt was approxi- 


mately 1:1 (2), and titration of the free acid showed a single acid valence 
for each phosphorus atom (3). The glyceryl-glycerophosphate structure 
in which each phosphoric acid group is doubly esterified is in accord with 
these findings. The simplest glyceryl-glycerophosphoric acid would be: 


O 
CH.OH- CHOH- CH,0- P-OCH;- CHOH- CH:OH 


OH 

(I) 
Larger molecules could obviously be built up by similar linkage with more 
glycerophosphoric acid. Assuming such a structure, the composition of 


the purified Ba salt isolated from Fraction K-1 agrees best with that 
calculated from the following formula of the free acid. 


O O O 
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CHOH 
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The ester linkages are arbitrarily written in the a position. There is no 
evidence on this point as yet: either a or 8 linkages or both might be 
present, and numerous isomers are obviously possible. It is also clear 
that incomplete hydrolysis of this ester could give a complex mixture of 
products, depending on which linkages were broken. It is interesting 
to note that the second ester linkage in the polyester is quite easily hy- 
drolyzed, in contrast to the great stability of glycerophosphoriec acid 
itself. 

Two interpretations of the results obtained from the study of Fraction 
K-1l are possible: (a) Fraction A, having Formula II above, represents 
the intact skeleton of the cardiolipin molecule, while the other fractions 
are products of partial hydrolysis; or (b) Fraction A is only a part of a 


TaBLe IV 


Composition of Sodium Cardiolipin 


Calculated* 


Found “ = a 

(a) (b) | (c) 
Carbon, % ii a 64.98 65.66 65.13 | 64.60 
Phosphorus, %.... ; 4.18 4.23 4.20 4.17 
Sodium, % x 2.72 3.14 3.12 | 3.09 
Fatty acids, % 73.0 76.63 76.01 75.40 
Glycerol, % - 17.5 16.78 16.64 16.58 
Iodine No. a ee “#52 120-125 127.2 126.2 125.1 
Mol. wt. per P atom. 740-748 732 738 744 


* (a) Calculated for the formula Cy2oH20sQ024PsNazs (Formula II), with eleven 
double bonds (five linoley! radicals and one oleyl), mol. wt. 2195; (b) formula (a) + 1 


molecule of HO; (c) formula (a) + 2 molecules of H.0. 


larger complex originally present, which breaks down into Fractions A 
and B during saponification. Assumption (a) seems somewhat more 
plausible, especially since as much as 78 per cent of the total phosphorus 
‘an be isolated in the form of Fraction A. If (a) is correct, cardiolipin has 
the structure given in Formula II, with the hydroxyl groups esterified 
by linoleic and oleie acids. The formula contains six available hydroxyl 
groups, or two for every phosphorus atom, and it may be recalled that 
linoleic and oleic acids were found in a ratio of 5:1. Thus it is at least a 
plausible assumption that cardiolipin represents a single compound of 
constant fatty acid composition, in contrast to the case of lecithin and the 
cephalins, which are mixtures of compounds of different fatty acids. 
Table IV presents a comparison of the analytical data obtained with 
the values calculated on the assumption that the structure of cardiolipin 
corresponds to Formula II. It will be seen that the agreement is reason- 
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ably close, particularly if the further assumption is made that the molecule 
may be hydrated. 

The identification of a glyceryl-glycerophosphate ester as a component 
of natural products has apparently not been previously reported. On 
account of the lability of such esters to acid hydrolysis, they could not be 
isolated after cleavage of a phospholipide by the common method of beiling 
with hydrochloric or sulfuric acids. Recent studies (13, 14) have demon- 
strated the occurrence of a variety of complex phospholipides in plant and 
animal sources, and other examples will doubtless be found. It would be 
interesting to know whether the glyceryl-glycerophosphate structure occurs 
in other phospholipides than cardiolipin. 

Among previously known phospholipides the nearest analogy to cardio- 
lipin is the group of phosphatidic acids discovered by Chibnall and Channon 
in plants (15, 16) and formulated by them as diglyceride phosphoric acids. 
Like cardiolipin, the phosphatidic acids occur naturally in the form of 
salts, and it may be noted that the solubility of their salts as described by 
Chibnall and Channon is similar in general to that of the corresponding 
salts of cardiolipin. 


SUMMARY 


The products of alkaline hydrolysis of cardiolipin were identified as 
linoleic acid, oleic acid, and a polyester of glycerophosphoric acid and 
glycerol. A tentative formula is presented. Cardiolipin is best classified 
as a complex phosphatidic acid. 

Further work on the structure of cardiolipin is in progress. 


BIBLIOGRAPHY 


. Pangborn, M. C., Proc. Soc. Exp. Biol. and Med., 48, 484 (1941). 

. Pangborn, M. C., J. Biol. Chem., 148, 247 (1942). 

. Pangborn, M. C., J. Biol. Chem., 153, 343 (1944). 

. Pangborn, M. C., J. Biol. Chem., 161, 71 (1945). 

Yasuda, M., J. Biol. Chem., 94, 401 (1931-32). 

. Twitchell, E., J. Ind. and Eng. Chem., 13, 806 (1921). 

. Voorhees, V., and Adams, R., J. Am. Chem. Soc., 44, 1397 (1922). 

. Brown, J. B., and Frankel, J., J. Am. Chem. Soc., 60, 54 (1938). 

. Matthews, N. L., Brode, W. R., and Brown, J. B., J. Am. Chem. Soc., 68, 1064 
(1941). 

10. Elek, A., J. Am. Chem. Soc., 50, 1213 (1928). 

ll. Blix, G., Mikrochim. acta, 1, 75 (1937). 

12. Van Slyke, D. D., and Folch, J., J. Biol. Chem., 136, 509 (1940). 

13. Folch, J., J. Biol. Chem., 146, 35 (1942). 

14. Woolley, D. W., J. Biol. Chem., 147,°581 (1943). 

15. Chibnall, A. C., and Channon, H. J., Biochem. J., 21, 233 (1927). 

16. Channon, H. J., and Chibnall, A. C., Biochem. J., 21, 1112 (1927). 


CON onr wn 











T 
proc 
oxid 
hum 
iden 
dese 

Ei 
amic 
cally 
serib 
units 
chlor 
follor 
curv 
filtra 
the 
meta 
and 

extra 
residi 
soluti 
recry 
melti 


A n 


The c 
in les 
same 
range 
soluti 

Tso 
pounc 
pyridc 








THE ISOLATION OF THE 6-PYRIDONE OF 
N?-METHYLNICOTINAMIDE FROM URINE 


By W. EUGENE KNOX anv WILLIAM I. GROSSMAN 


(From the Enzyme Laboratory, Department of Medicine, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, February 12, 1947) 


The 6-pyridone of N'-methylnicotinamide was first identified as the 
product of the oxidation in vitro of N'-methylnicotinamide by the quinine- 
oxidizing enzyme of rabbit liver. It was subsequently isolated from 
human urine after nicotinamide administration (1). The _ isolation, 
identification, and properties of this new derivative of nicotinamide are 
described in this paper. 

Enzymic Formation of the Pyridone—The product of N'-methylnicotin- 
amide oxidation was made by incubating N!-methylnicotinamide aerobi- 
cally with purified quinine-oxidizing enzyme prepared as previously de- 
scribed (2). An excess of enzyme (50 ml. containing 70 cinchonidine 
units per ml.) was used to oxidize 100 mg. of N’-methylnicotinamide 
chloride at pH 8.5 and 37°. The reaction was taken to completion by 
following the oxygen uptake of a pilot run. The characteristic absorption 
curve of the product, which can be observed in a metaphosphoric acid 
filtrate of the reaction mixture, was used to follow the compound through 
the isolation procedure. After the solution was deproteinized with 
metaphosphoric acid, it was neutralized, saturated with sodium carbonate, 
and then continuously extracted with isobutyl alcohol. The alcohol 
extract was dried with anhydrous calcium sulfate, evaporated, and the 
residue taken up in boiling acetone. Upon slow evaporation of the acetone 
solution, 30 mg. of reddish needles in rosettes separated. After three 
recrystallizations from acetone, nearly white crystals with a constant 
melting point of 212-214° were obtained. 


Analysis—C7H,ON¢. Calculated. C 55.24, H 5.31, N 18.42 
Found. “ 55.15,“ 5.31,“ 18.45 


The compound is readily soluble in water and alcohol, and nearly insoluble 
in less polar solvents. Both aqueous and alcoholic solutions have the 
same absorption curve, which changes little, if at all, throughout the pH 
range and which is identical with that seen in the deproteinized enzyme 
solutions (Fig. 1). 

Isolation of Pyridone from Urine—The method for isolating this com- 
pound from urine is based on the behavior of the enzymically prepared 
pyridone subjected to various fractionating procedures. The urine was 
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collected with acetic acid as preservative and kept refrigerated until used. 
It was decolorized by precipitation with 3 gm. of basic lead acetate per 
100 mi. at pH 10, filtered, adjusted to pH 2, and refiltered. Lloyd’s 
reagent, 10 gm. per 100 ml., was then added and filtered off after 15 min- 
utes. The Lloyd’s reagent was washed with 0.01 n HCl, and then twice 
eluted with absolute ethyl alcohol. The alcohol eluate was evaporated, 
and the residue dissolved in a small volume of water. 

The aqueous solution was saturated with sodium carbonate and ex- 
tracted twice with equal volumes of isobutanol. The isobutanol solution 
was dried with calcium sulfate and then evaporated. The residue was 
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Fic. 1. Absorption curves of 6-pyridone of N'-methylnicotinamide (O) and of 
N?-methylnicotinamide chloride (@) in water at pH 7. 


repeatedly extracted with hot acetone. Crystals were obtained from the 
acetone solution after reducing its volume and allowing it to stand over- 
night in the cold. Additional crops were obtained by further evaporation. 
Upon recrystallization from acetone, or more conveniently from water, a 
low melting impurity is removed, and the resulting compound melted at 
211-214°. The mixed melting point with the enzymically prepared 
pyridone was unchanged, and the absorption curves of the compounds 
from both sources are identical. 

N'-Methylnicotinamide subjected to this isolation procedure was lost 
at the adsorption step, and no pyridone was formed in the procedure. 

Identification of the Pyridone—The quinine-oxidizing enzyme specifically 
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oxidizes, in the a position, certain heterocyclic rings that contain an active 
a-hydrogen. The compound prepared by the action of the enzyme on 
N'-methylnicotinamide and also isolated from urine must consequently 
be one of the two a-pyridones of N'-methylnicotinamide. This formula- 
tion is consistent with the elementary analysis. 

It was possible to identify the compound isolated from both sources as 
the 6-pyridone of N’-methylnicotinamide by hydrolyzing it to the cor- 
responding acid, since both the 2- and the 6-pyridones of N-methylnicotinic 
acid are known and have widely different melting points. Hydrolysis of 
100.2 mg. of the pyridone from urine was carried out by refluxing in sodium 
methylate under nitrogen until the calculated amount of amide ammonia 
was freed (70 hours). The solution was acidified and evaporated to 
dryness and the product taken up in absolute ethyl alcohol. After distilling 
the alcohol, the brown residue was dissolved in 6 ml. of boiling water. 
About 60 mg. of white needles crystallized out on cooling. These melted 
at 239-240° after two recrystallizations from water. 

Analysis—C;H7;O;N. Calculated. C 54.90, H 4.61, N 9.15 

Found. ‘* 54.80, “ 4.37, 9.36 

The 6-pyridone of N-methylnicotinic acid, synthesized from coumalic 
acid and methylamine (3), melted at 240-241° (m.p. 238-240° (4)), and 
the mixed melting point with the acid prepared by hydrolysis was 237-241°. 
The melting point of the other isomer, the 2-pyridone of N-methylnicotinic 
acid, is given as 183° (5). The acid from the hydrolysis was also con- 
verted to the methyl ester. This melted at 137°, in agreement with the 
melting point recorded for the ester of the 6-isomer (6). The pyridone 
isolated from the enzyme reaction and from urine is, therefore, the 6 
derivative (1-methyl-3-carboxylamide-6-pyridone). 

Relation of the Pyridone to Nicotinamide Assays—By the previous 
methods used to determine the derivatives of nicotinamide apparently 
little or none of this compound has been assayed. The pyridone cannot 
replace nicotinic acid in the bioassay with Lactobacillus arabinosus, nor 
coenzyme I for growth of Hemophilus parainfluenzae. It fluoresces only 
slightly under the conditions used for N'-methylnicotinamide analysis 
(7), and is eliminated by either the charcoal or the Decalso adsorption 
steps usually employed in this procedure. In addition, the pyridone 
forms no color in the general reaction for N-methylnicotinamide compounds 
developed by Sarett (8), nor in the cyanogen bromide reaction (9). New 
analytical procedures applicable to this compound will be published later. 


SUMMARY 


1. A new metabolite of nicotinamide, detected by study of the enzyme 
oxidizing N'-methylnicotinamide and subsequently isolated from urine, 
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has been identified as the 6-pyridone of N!-methylnicotinamide (1-methyl- 
3-carboxylamide-6-pyridone). 

2. Approximately 10 per cent of administered nicotinamide was isolated 
from human urine as the pyridone 

3. This compound has apparently not been estimated by previous 
methods for the determination of nicotinamide derivatives in urine. 


It is a pleasure to acknowledge the support of Dr. David E. Green during 
this investigation. The Lactobacillus arabinosus assay was kindly per- 
formed by Dr. Saul Rubin of Hoffmann-La Roche, Inc. Dr. Hattie 
Alexander furnished the Hemophilus parainfluenzae strain for the V factor 
assay. The elementary analyses were performed by Mr. William Saschek. 
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THE ACTION OF TYROSINASE ON CHYMOTRYPSIN, 
TRYPSIN, AND PEPSIN 


By PEHR EDMAN* 
(From The Rockefeller Institute for Medical Research, Princeton) 


(Received for publication, January 20, 1947) 


The action of the enzyme tyrosinase on proteins has recently been made 
the subject of a study by Sizer (1). He has claimed that among a variety 
of proteins tested those which contained tyrosine could be oxidized by 
tyrosinase either directly or after pretreatment with trypsm. The proteins 
most susceptible to the action of tyrosinase were said to be the proteolytic 
enzymes chymotrypsin, trypsin, and pepsin. Furthermore it was stated 
that the proteolytic activities of these enzymes were not decreased after 
the oxidation by tyrosinase of a certain part of the tyrosine residues, and 
the inference was drawn that the intactness of at least a part of the tyrosine 
residues was not essential for the action of the enzymes. This question 
has been reinvestigated in this laboratory as it seemed to us that for several 


-reasons the experimental conditions used by Sizer did not permit an une- 


quivocal interpretation. 


Methods and Results 


We have in our experiments tried to keep the experimental conditions as 
close as possible to those used by Sizer. 

The crystalline proteolytic enzymes were all prepared in this laboratory 
(2-4). Stock solutions of the enzymes were made up in dilute hydrochloric 
acid at pH 3 to 4 and at a concentration of 50 mg. per ml. calculated on dry 
substance. The chymotrypsin and trypsin preparations contained about 
50 per cent magnesium sulfate. The protein concentration was calculated 
from the Kjeldahl nitrogen. 

The tyrosinase preparation used was prepared from common mushrooms! 
and had an activity of 500 Miller and Dawson catecholase units (5) and 
16 Adams and Nelson p-cresolase units per ml. (6). 

The oxygen uptake was followed in the Warburg apparatus at 37.0° 
and at a shaking rate of 120 complete oscillations per minute. All experi- 
ments were performed in the following way, with one exception stated 
below. To the reaction flask which had a volume of about 5 ml. were 
added 1.6 ml. of m/15 phosphate buffer, pH 7.3, 0.2 ml. of the neutralized 


* Fellow of the Medical Research Council of Sweden. 
1 Kindly supplied by Professor John M. Nelson of the Department of Chemistry, 
Columbia University, New York. 
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proteolytic enzyme solution, and 1 drop of toluene. Into the side arm was 
introduced 0.4 ml. of the tyrosinase solution, together with 1 drop of 
toluene. It was found necessary to let the vessels shake in the constant 
temperature bath for 2 to 3 hours in order to attain gas equilibrium. 
After that time the experiment was started by mixing the solutions. When, 
at the end of the experiment, the oxygen uptake had ceased, tyrosine was 
added in order to test the activity of the tyrosinase. In all the experiments 
the tyrosinase was found still to be active. Controls were also run, 
differing only in that boiled tyrosinase solution was substituted for the 
active tyrosinase. 

In order to find the equivalency of tyrosine to oxygen in the oxidation 
by tyrosinase, runs have been made with various amounts of tyrosine 
oxidized by tyrosinase to completion. On the average 1 mg. of tyrosine 
took up 205 microliters of oxvgen. An equivalency of 3 atoms of oxygen 
per | mole of tyrosine would correspond to 186 microliters of oxygen. 

Non-protein tyrosine and tryptophane were determined in the tri- 
chloroacetic acid filtrate by the method of Folin and Ciocalteau with 
Anson’s modifications (7). These determinations were made both on the 
stock enzyme preparation prior to the incubation and on the control with 
boiled tyrosinase at the end of the experiment. This figure cannot be 
compared directly with the tyrosine equivalent of the oxygen absorbed, 
since the former represents both tyrosine and tryptophane. 

The reactions were also followed by measurements of the proteolytic 
activity. In addition to the measurements of protease activity after 
incubation with boiled or active tyrosinase, the activity was also determined 
before incubation to determine the effect of the experimental conditions 
on the proteases. No difference in activity was ever observed between 
the samples incubated with active tyrosinase and those incubated with the 
inactive preparation. Chymotrypsin activity was determined by the 
milk clotting test in the same way as that described by Herriott for pepsin 
(8), trypsin activity by a new spectrophotometric method, worked out 
by Kunitz (9), and pepsin activity as described by Anson (7), with the 
modification that tyrosine and tryptophane were measured spectropho- 
tometrically. 

To make a comparison with Sizer’s results more convenient our results 
have been recalculated to a common basis of 25 mg. of protease preparation. 
This recalculation involves only the multiplication by the ratio of the 
amount of proteolytic enzyme preparation used by Sizer and that used 
by us. 

The results are presented in Table I and Fig. 1 but require some com- 
ments. 

In the case of chymotrypsin there was a slow uptake of oxygen which 
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TaBLe I 
Incubation of 25 Mg. of Chymotrypsin, Trypsin, and Pepsin Preparations at pH 7.8 
and 37°, with and without T yrosinase 


| Non-protein tyrosine and Pp 
Total tryptophane in absence of | Fer cent 








| 1 | 


Protease preparation w ~y oxygen tyrosinase, in mg. tyrosine | siottitte 
-_ —_———"| ‘ae 
Initial Final | 
hrs. | microliters 

Chymotrypsin... 4} 72 | 0.28 | 0.47 a 
Trypsin I... vat 9 320 0.42 | 3.05 100 
css cs adawnssi ts 6} 2022 | «#40.95 | 1.00 100 

Seer ech 8 60 0.11 | 0.23 











* In the reaction time is included the equilibration time prior to the addition of 
the tyrosinase. 
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Fic. 1. Oxygen uptake catalyzed by tyrosinase of preparations of crystalline chy- 
motrypsin, trypsin, pepsin, and tyrosine. Each curve represents the oxygen uptake 
of 25 mg. of enzyme preparation in the presence of about 1 ml. of tyresinase solution. 
The tyrosine curve represents 2.5 mg. of tyrosine oxidized by 0.1 ml. of tyrosinase 
solution. 
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ceased after about 1 hour. In the starting material there was present a 
small amount of non-protein tyrosine and tryptophane, which showed a 
slight increase during the experiment. No decrease could be observed in 
the proteolytic activity as compared with the starting material. 

The results with trypsin (Trypsin I, Table I and Fig. 1) were quite 
different. A considerable oxygen uptake was observed. There was also 
a formation of large amounts of non-protein tyrosine and tryptophane 
during the experiment. Further, no proteolytic activity was left after 
the 9 hours duration of the experiment. A certain amount of this non- 
protein tyrosine and tryptophane must have been formed during the 
equilibration time of 3 hours prior to the addition of the tyrosinase. In 
order to escape this preliminary decomposition of trypsin the experiment 
was modified in that, during the equilibration time, the acidified trypsin 
solution was kept in the side arm instead of the tyrosinase solution. As 
may be seen (Trypsin II, Fig. 1) the initial rate of oxygen uptake was 
markedly slower in this case. 

The pepsin preparation also took up large amounts of oxygen when 
treated with tyrosinase (Pepsin I, Table I and Fig. 1). The starting 
material contained considerable amounts of non-protein tyrosine and 
tryptophane. No proteolytic activity was left at the end of the experi- 
ment. It was found, however, that this loss in activity occurred almost 
instantaneously after the neutralization of the acidified stock solution of 
pepsin. This was to be expected, since swine pepsin is known to be 
rapidly destroyed under the conditions of the experiment (10). 

Denaturated pepsin was prepared from native pepsin by adjusting the 
pH of its solution to 7.3. The denaturated pepsin was then freed from 
the main part of the contaminating non-protein tyrosine by reprecipitating 
the protein several times at pH 4, at which the denaturated protein has a 
minimum of solubility. This preparation was then subjected to the 
treatment with tyrosinase. As may be seen (Pepsin II, Table I and Fig. 1), 
the preparation had then lost by far most of its ability to be oxidized by 
tyrosinase. In spite of the purification the denaturated pepsin still con- 
tained a small amount of non-protein tyrosine and tryptophane and an 
additional small amount was formed during the incubation. 


DISCUSSION 


From the results obtained certain facts appear, many of which have 
been known for a long time. In the first place it is shown that all the 
enzyme preparations tested contain a greater or lesser amount of protein 
split-products. This is generally the case when no special precautions are 
taken tq avoid it. It is also demonstrated in the case of pepsin that when 
the main part of the non-protein tyrosine is removed the capacity of the 
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enzyme preparation to be oxidized by tyrosinase is also mainly lost. 
Consequently the inference must be drawn that the main substrate for 
the tyrosinase is the protein split-products present. Actually we have 
not been able to obtain unequivocal evidence of the action of tyrosinase 
on any of the proteases investigated. 

In the case of trypsin the situation is more complicated in that this 
enzyme is unstable at pH 7.3 (11) and is rapidly autolyzed during the 
incubation, with the formation of non-protein tyrosine. When, however, 
trypsin is incubated for several hours at pH 7.3 prior to the addition of 
tyrosinase, the initial rate of oxidation by tyrosinase is much faster, which 
also strongly indicates that it is the split-products containing tyrosine 
which are oxidized. 

The behavior of chymotrypsin is not in conflict with the explanation 
proposed. The small oxygen uptake might well be explained by amounts 
of non-protein tyrosine present. 

It has been claimed by Sizer that the proteolytic activities of trypsin 
and pepsin were not decreased during the incubation with tyrosinase at 
pH 7.3. This statement seems difficult to reconcile with the well estab- 
lished fact that crystalline trypsin is very unstable at this pH in the absence 
of its substrate (11). Further, it has been known for a long time that 
pepsin is irreversibly, completely, and almost instantaneously inactivated 
at a neutral reaction (10, 12, 13). These circumstances were confirmed 
in our experiments in which we found a complete loss in proteolytic activity 
of these enzymes after the incubation. The main cause of these divergent 
results must be that Sizer in his activity measurements used only the 
enzyme solutions incubated with inactive tyrosinase as controls, whereas 
we in addition used the original, untreated enzyme solution for the same 
purpose. The enzyme solutions incubated with boiled tyrosinase, how- 
ever, are insufficient controls, as they have undergone a profound decom- 
position which is quite independent of the presence or absence of tyrosinase. 


SUMMARY 


The action of tyrosinase on chymotrypsin, trypsin, and pepsin has been 
studied. The start of the reaction depends on the purity of the protease 
preparation used. Preparations which contain non-protein tyrosine 
absorb considerable quantities of oxygen, whereas in those which have been 
freed from most of the non-protein tyrosine there is much less reaction. 
Some decomposition occurs during the course of the reaction itself, 
especially in the case of trypsin; so that it is difficult to say with certainty 
that no reaction occurs with the protein, although such a reaction seems 
unlikely. 

Pepsin is instantly inactivated at the pH of the reaction mixture; so 
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that no conclusion as to the effect of tyrosinase on the activity of this 
enzyme is possible. 


The author wants to thank Dr. J. H. Northrop for suggesting this work 


and for many helpful discussions. 
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A NEW SYNTHESIS OF DJENKOLIC ACID 
By MARVIN D. ARMSTRONG anv VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, February 12, 1947) 


Several years ago considerable interest was aroused by the discovery 
by van Veen and Hyman (1) of a new naturally occurring sulfur-containing 
amino acid which they had isolated from the djenkol bean (Pithecolobium 
lobatum) and named djenkolic acid. They showed that it was probably 
the cysteine thioacetal of formaldehyde. This structure was confirmed 
by du Vigneaud and Patterson (2) who synthesized the l-cysteine thioacetal 
of formaldehyde by the condensation of methylene chloride with 2 moles 
of l-cysteine in liquid ammonia and showed their synthetic compound to 
be identical with the naturally occurring djenkolic acid. 

Van Veen and Hyman suggested that the natural synthesis of djenkolic 
acid in the plant might occur by a condensation of formaldehyde and 
cysteine. Such thiozcetals were apparently not formed by condensation 
of these compounds under conditions studied at that time or later by 
various workers (3-6). Whenever aldehydes or ketones were caused to 
react with cysteine, the product was either an addition compound (I) or 
a thiazolidinecarboxylic acid (II). 


OH NI; R S——-CH, 
R—C—S—CH,.—CH— COOH C 
| 
R’ | NH—CH—COOH 
(I) (II) 


A further study of the reaction of aldehydes and ketones with cysteine 
has led us to the synthesis of djenkolic acid by the direct combination of 
2 moles of cysteine and 1 mole of formaldehyde in a strongly acid solution. 
This condensation is best effected by adding 1 mole of formaldehyde (40 
per cent formalin) to a concentrated solution of 2 moles of cysteine in 
7 N hydrochloric acid at room temperature. The reaction proceeds with 
moderate speed at room temperature but may be hastened by warming 
the reaction mixture to 70°. The identity of the product with djenkolic 
acid was shown by a comparison of its physical and chemical properties 
and those of three of its derivatives with samples made from synthetic 
djenkolic acid prepared by the method of du Vigneaud and Patterson (2). 

Schubert (3) studied the reaction of formaldehyde and cysteine in a 
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buffered solution and found that 4-thiazolidinecarboxylic acid was formed, 
and Ratner and Clarke (4) measured the rate of its formation in solutions 
with a pH between 1.5 and 12, finding that the rate was measurable up 
to pH 5; at a higher pH than this, the reaction proceeded too fast to be 
measurable. In the present study it was found that the formation of 
djenkolic acid proceeded to a negligible amount in acid less concentrated 
than 5 N. : 

& Ratner and Clarke showed that in the formation of the thiazolidine- 
carboxylic acid the reaction proceeded by an initial reaction of formalde- 
hyde with the sulfhydryl group of cysteine, followed by elimination of 
water with ring closure to give 4-thiazolidinecarboxylic acid. In the 
present study, it has been found that the addition of 1 mole of formaldehyde 
to 1 mole of cysteine in 6 N HCl likewise results mainly in the formation 
of 4-thiazolidinecarboxylic acid. In the presence of an excess of cysteine, 
djenkolic acid is mainly formed. Preliminary experiments have indicated 
that the thiazolidine formation in the absence of an excess of cysteine 
takes place at a much slower rate than the formation of djenkolic acid 
in the presence of an excess of cysteine. The formation of djenkolic 
acid may proceed stepwise with an initial rapid addition of cysteine to 
formaldehyde to give a hemithioacetal, followed by a slower addition of 
a 2nd molecule to form djenkolic acid. 


NH:-HCl NH:-HCl 





; 





HCHO + HSCH:CHCOOH —— HOCH:SCH:CHCOOH 


NH:-HCl 
—H:0 } 


\ 
NH:;-HC!l S——CH; 


| 
HSCH:CHCOOH 


SCH:CHCOOH CH; 


\ 


CH, NH—CH—COOH | 
*» 
. 
SCH,CHCOOH 
NH; -HCl 


EXPERIMENTAL 


Preparation of Djenkolic Acid—To a solution of 10.0 gm. of I-cysteine 
hydrochloride in 20 cc. of 6 NHCl were added 2.6cc. of 40 per cent formalin. 
The resulting solution was warmed to 70° and allowed to cool to room 
temperature and stand overnight. It was then neutralized by the addition 
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of 6 N NaOH solution and the precipitated djenkolic acid was collected 
and washed with water. This material, after standing in a sodium cyanide 
solution, gave a faint positive test for the sulfhydryl group when treated 
with sodium nitroprusside. To remove the small amount of cystine 
contamination, the moist acid was suspended in 100 cc. of water and 
concentrated ammonium hydroxide was added dropwise until all of the 
material dissolved; 1.5 gm. of sodium cyanide were added and the resulting 
solution was allowed to stand at room temperature for 30 minutes. It 
was then made neutral to litmus by the addition of glacial acetic acid 
(hood) and the precipitated acid was collected and washed twice with 
water. It was recrystallized by suspending it in 100 cc. of water, heating 
to boiling, and adding 6 Nn HCl dropwise until the material just dissolved. 
The hot solution was filtered and then carefully neutralized by the addition 
of 6 N NaOH with vigorous stirring at the boiling point. The suspension 
was cooled and filtered, and the product was washed three times with 
water and dried in vacuo at 95°. The yield was 5.5 gm. (68 per cent of the 
theoretical amount) of a product which gave a negative test for the sulfhy- 
dryl and disulfide groups and for the chloride ion. The compound did not 
exhibit a definite melting point but gradually decomposed from 300-350°; 
[a] °° = —65.0° fora 1 per cent solution in 1 n HCl; [a]? = —47.5° for a 
2 per cent solution in 1 per cent HCl. 

The solubilities, crystal form, decomposition point, and rotations of 
this product agree within experimental error with the corresponding 
properties of a sample of known djenkolic acid prepared by condensing 
methylene chloride and [-cysteine in liquid ammonia. 


CyHyO«N Sz. Calculated. Cc 33.06, H 5.55, N 11.02, S 25.21 
254.3 Found. ‘* 33.38, ‘* 5.58, “© 11.10, “* 25.43 


Monohydrochloride of Djenkolic Acid—The monohydrochloride was 
prepared by dissolving djenkolic acid in hot 1 per cent HCl and cooling 
the solution; it crystallized in slender prisms tending to form radiating 
clusters. After three recrystallizations from 1 per cent HCl, the product 
was dried in vacuo over phosphoric anhydride; m p. 250-300° (with de- 
composition) .! 

CyHysOqN28.Cl. Calculated. Cl 12.19, S 22.05 
290.8 Found. “* 12.35, “‘ 22.50 

Dibenzoyldjenkolic Acid—This derivative was prepared according to the 

directions of du Vigneaud and Patterson (2), recrystallized four times 


from 50 per cent methanol, and dried at 70° in vacuo over phosphoric 
anhydride. The sample melted to a milky liquid at 87.5-89° (capillary) ; 


1 All melting points are corrected micro melting points, unless otherwise specified. 
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a sample of the dibenzoyl derivative prepared from authentic djenkolic 
acid exhibited the same behavior and admixture of the two samples caused 
no depression in the melting point. 


Ca He2O0gNoSo. Calculated. N 6.06, S 13.86 


























462.5 Found. “ 6.12, “ 13.94 
TABLE I 
Effect of Concentration of Acid upon Yield of Djenkolic Acid 
HCl Djenkolic acid Yield 
N ‘ me. - per cent 
0.5 0 | 0 
1 0 0 
2 17 + 
3 66 | 17 
r 71 18 
5 166 | 42 
6 250 63 
7 273 69 
8 260 66 
1] 260 66 
Taste II 


Rate of Formation of Djenkolic Acid 











Time Djenkolic acid Yield 
hers. me. per cent 
0.17 Trace | + 
0.35 3 1 
0.50 16 | 6 
1.5 50 18 
2.0 64 23 
2.5 88 32 
3 99 36 
6 119 | 43 
24 186 67 
48 182 | 66 





Dihydantoin of Djenkolic Acid—This derivative was prepared according 
to the directions of van Veen and Hyman (1). It melted at 201-204", 
and no depression in melting point was observed when it was mixed with a 
sample prepared from authentic djenkolic acid. 

Effect of Concentration of Acid upon Yield of Djenkolic Acid—To solutions 
of 0.5 gm. of l-cysteine hydrochloride in 1.0 cc. of HCl of the normality 
specified in Table I was added 0.14 cc. of 40 per cent formalin. The 
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solutions were heated to 70° and allowed to cool to room temperature 
and stand overnight. They were then neutralized by the addition of 
6 xn NaOH. All samples were made up to the same volume and 
the djenkolic acid was collected, washed, and dried in vacuo. 

Rate of Condensation of Formaldehyde and Cysteine in 6 N Acid. 2 Moles 
of Cysteine and 1 Mole of Formaldehyde—A solution of 5.0 gm. of l-cysteine 
hydrochloride in 10.0 cc. of 6 N HCl was prepared, 1.4 cc. of formalin 
were added, and the volume was made up to 15.0 ec. with 6 N acid. 1 ce. 
aliquots were removed at intervals, neutralized with 6 N NaOH, and the 
precipitated djenkolic acid was collected, washed, and dried. The results 
are shown in Table II. 

1 Mole of Cysteine and 1 Mole of Formaldehyde—To a solution of 1.0 gm. 
of l-cysteine hydrochloride in 2 ec. of 6 N HCl was added 0.56 cc. of formalin. 
The solution became hot spontaneously and was then allowed to cool to 
room temperature and stand overnight, whereupon a considerable amount 
of crystalline 4-thiazolidinecarboxylic acid hydrochloride separated. The 
mixture was cooled in an ice bath and the product was collected on a 
sintered glass filter, washed with cold 6 Nn HCl, and dried in vacuo. A 
yield of 0.75 gm. (70 per cent of the theoretical amount) was obtained; 
[a|"* = —78.5° for a 1 per cent solution in 1 N HCl. An additional 
amount could be obtained by concentrating the mother liquors. A small 
amount of the hydrochloride was dissolved in water, the solution was 
made neutral by the addition of 1 N NaOH, and the precipitated 
4-thiazolidinecarboxylic acid was collected and recrystallized from a 
small amount of water. The melting point was 201-205° (with decomposi- 
tion); no depression was observed in the melting point of a mixture of 
this compound with an authentic sample of 4-thiazolidinecarboxylic acid 
prepared according to the method of Schubert (3). 


The authors wish to thank Dr. Julian R. Rachele and Miss Josephine 
Tietzman of this laboratory for the microanalyses. 


SUMMARY 


Djenkolic acid has been prepared by the direct combination of 1 mole 
of formaldehyde with 2 moles of l-cysteine in a strongly acid solution. 
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THE DEPOSITION AND ANTIOXYGENIC BEHAVIOR OF 
a-, B-, AND y-TOCOPHEROLS IN RAT FATS* 


By W. O. LUNDBERG, RICHARD H. BARNES,t MARION CLAUSEN, ’ 
NORMA LARSON, ann GEORGE O. BURR 


(From the Department of Physiological Chemistry and the Hormel Institute, 
University of Minnesota, Minneapolis and Austin) 


(Received for publication, November 9, 1946) 


It has been shown previously that tocopherols obtained from the diet are 
the only true inhibitors of autoxidation that occur normally in the rendered 
abdominal fats of rats (1). By eliminating tocopherols from the diet, it is 
possible to produce rats whose fats, when rendered, are essentially free of 
primary antioxidants and show a very low stability. A quantitative tech- 
nique based on these observations and on oxygen absorption measurements 
on the rendered fats at 100° was devised and used in studying the deposition 
and storage of a-tocopherol in adipose tissues (2). It was shown that, as 
storage sites of a-tocopherol, the fat depots have an even greater capacity 
than the liver, whose importance in this réle has been reported by other 
investigators (3, 4). 

There have been apparent differences between the observations of vari- 
ous investigators on the relationships between the tocopherol contents of 
various tissues and organs, probably as a result of differences in various 
experimental factors. Because of these differences it appears to be particu- 
larly desirable (a) to obtain data concerning the deposition of tocopherols 
in various tissues with the tocopherols individually and (6) to obtain such 
data at various known intakes of tocopherol. 

In the present study, therefore, the same experimental technique de- 
scribed earlier (2) was used to obtain data concerning the relative amounts 
of synthetic a-, 8-, and y-tocopherol stored in the abdominal fat tissues 
exclusive of the mesentery in the rat under various conditions. Data were 
also obtained, with an analytical technique based on micro measurements 
of peroxides rather than oxygen absorption measurements, which qualita- 
tively compare the depositions of synthetic and natural a- and y-tocopherols 
in abdominal, skin, and ham fats. 


* Aided by grants from the Hormel Research Foundation, the National Dairy 
Council, and the Graduate School of the University of Minnesota. 
t Present address, Sharp and Dohme, Inc., Philadelphia, Pennsylvania. 
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Deposition of Synthetic a-, B-, and y-Tocopherols in Abdominal Fats! 


Experimental—Details of the methods used in producing vitamin E-defi- 
cient rats, the diets, the rendering of the abdominal fats, and the measure- 
ments of oxygen absorption were described in previous papers (1, 2). 

Repeated experiments showed that the iodine numbers of the fats from 
different rats in each complete study varied only slightly. The effects of the 
minor differences in composition on the relative autoxidation characteristics 
of different samples of the same tissue fat, therefore, have been ignored in 
all that follows. 

Chemical assays by a modification of the Furter-Meyer method (5) 
showed the a-tocopherol to be 90 per cent pure and the y-tocopherol to be 
53 per cent pure. No direct analysis of the 6-tocopherol was attempted, 
but its purity was reported to be approximately 90 per cent. In the ab- 
sence of a chemical analysis such as was made for the a- and y-tocopherols, 
few quantitative interpretations of the data for 8-tocopherol will be made. 
The data are included because quantitative interpretations may be made at 
some future time when accurate antioxygenic indexes for the pure tocopher- 
ols in rat fat become available. With the aid of such indexes, an indication 
of the purity of the 8-tocopherol may be obtained from the data in Fig. 1. 

Relative Antioxygenic Activities of Synthetic a-, B-, and y-Tocopherols— 
Solutions of the three tocopherols at various concentrations in vitamin E- 
free rat fat were prepared. Arbitrarily defined induction periods were 
measured in a Warburg oxygen absorption apparatus at 100°, with 0.4 ml. 
samples of fat in 70 ml. flasks. The data have been plotted in Fig. 1. 
Each point represents the average of at least three oxygen absorption 
measurements. In the case of the samples containing a- and 8-tocopherols, 
there was a period of very low oxygen uptake, followed by a sudden and 
sharp increase in the rate of absorption. The major part of the sudden 
increase occurred within an interval of 10 minutes, which was the time 
interval between manometer readings. The induction period, therefore, 
could be conveniently defined by the mid-point in the interval during which 
the sudden increase took place. In the case of y-tocopherol, however, the 
increase in absorption was not so abrupt and it was necessary to use a still 
more arbitrary method in defining the induction period. For this purpose, 
it was convenient to select that point at which the rate of fall in oxygen 
pressure in the flasks became the equivalent of 1 mm. height of manometer 
fluid (butyl phthalate) per minute. 

Probably the less abrupt termination of the induction period in the case 
of y-tocopherol is attributable to some characteristic of the mechanism of 


! The synthetic 8- and y-tocopherols were generously supplied by Merck and Com- 
pany, Inc., through the courtesy of Dr. D. F. Robertson. The synthetic a-tocopherol 
used was also a Merck product. 
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antioxidation peculiar to y-tocopherol. Golumbic (6) has attributed the 
gradual increase in the rate of oxidation of vegetable oils to the successive 
actions of two antioxidants, tocopherol and chroman-5,6-quinone. Swift 
et al. (7) have shown that chroman-5 ,6-quinone is produced from y-toco- 
pherol in the autoxidation of fats and that, although the antioxygenic 
activity of the quinone is generally slight, nevertheless it does exert a 
definite antioxygenic effect in animal fats. 

A second explanation of the more gradual increase in the oxygen uptake 
with y-tocopherol could be based on the presence of antioxygenic impurities 
in the synthetic y-tocopherol. This explanation is made improbable by 
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Fie. 1. Induction periods of vitamin E-free abdominal fats to which various con- 
centrations of tocopherols have been added. 


the observation that the rendered fat from vitamin E-deficient rats which 
had been fed y-tocopherol behaves in identically the same manner. Hanson 
et al. (8) have shown that of a group of seven antioxidants, which included 
a- and y-tocopherols, only the tocopherols were deposited in the abdominal 
fats. It is not likely that the y-tocopherol and the impurities associated 
with it would be deposited in unchanged proportions in the fat tissues. 
From Fig. 1, it is seen that at low concentration the induction periods are 
almost straight line functions of the concentration. The ratios of the anti- 


oxygenic potencies of these samples of a-, 8-, and y-tocopherols were about 
3:4:5. 
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Relative Amounts of Tocopherols Deposited in Abdominal Fat Tissues— 
Individual solutions of the three tocopherols in the ethyl esters of lard acids 
were made, containing 25 and 50 mg. of tocopherol per ml. ‘The six solu- 
tions so prepared were fed by stomach tube in single 1 ml. doses to vitamin 
E-deficient rats. Groups of two to four rats were sacrificed at various in- 
tervals thereafter. Column 5 in Table I lists the induction periods of the 
rendered abdominal fats obtained under the various experimental conditions 
given in Columns 1 to 4. Column 6 indicates the equivalent tocopherol 
concentrations as obtained from the reference curves in Fig. 1, based on 


TABLE I 
Relative Amounts of Tocopherols Deposited in Abdominal Fat Tissues 
Seceshenet nies tee - br aap ——r Tocopherol 
ocophero panded _ r— sledesed toe per gm. fat 
me. days min Y 
a 50 I’. S 380 39 
50 M. 8 330 33 
50 Mixed 15 300 30 
25 F. 8 214 21 
25 tis 15 248 24 
B- 50 M. 2 265 20 
50 = 10 303 23 
50 e 15 420 32 
25 F. 8 183 14 
25 = 15 266 20 
¥- 50 M. 2 SO 3.5 
50 Mixed 8 138 6.5 
50 M. 10 80 (? 3.5 
- 15 150 7.0 
25 I S 115 5.0 
25 ” 15 91 1.0 
Controls 0 . 10 <2 (a-) 
M 10 <2 > 


the assumption that the tocopherols were 100 per cent pure. Actually, 
since the curves in Fig. 1 are approximately straight lines in the regions con- 
cerned, and since at, the lower concentrations the amounts of tocopherol de- 
posited are (very roughly) proportional to the amounts fed, the figures given 
in Column 6 are roughly the same as those that would have been obtained if 
tocopherols of 100 per cent purity had been fed in the amounts indicated in 
Column 2. This statement is, of course, based on the assumption that the 
impurities in the samples of tocopherols were relatively inert biologically 
and as antioxidants, in so far as these results are concerned. 

The conversion of the induction periods in Column 5 to the equivalent 
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tocopherol concentrations in Column 6 was shown to be justified in an 
earlier paper in this series on the basis that the tocopherol concentrations so 
obtained agreed very well with the values that were obtained by direct 
chemical analysis with the analytical method devised by Chipault et al. 
(5). 

It was previously reported that a maximum concentration of a-tocoph- 
erol in the abdominal fat depots occurred approximately 7 to 10 days after 
feeding a single 50 mg. dose (2). Table I suggests that the synthetic 
8-tocopherol, whether fed in 25 or 50 mg. doses, required a somewhat longer 
time to reach a maximum deposition in the abdominal fats. The data for 
y-tocopherol on this point are inconclusive. Of the two doses fed in each 
case, the larger dose led to the deposition of a greater concentration in the 
fats. 

When the tocopherols are fed in equal doses, the results indicate that 
y-tocopherol, in spite of its greater antioxidant activity, produces a less 
stable fat than either a- or 8-tocopherols. Similar observations on the 
relative behaviors of a- and y-tocopherols were reported in a previous study 
(8). With these stabilities converted into tocopherol concentrations, it is 
found that a- and 8-tocopherols are deposited in significantly greater 
amounts than y-tocopherol. 


Deposition of Synthetic and Natural a- and y-Tocopherols in Abdominal, 
Skin, and Ham Fats? 


Experimental—On the basis of the previous results, it was felt desirable 
to compare the behavior of synthetic and natural tocopherols and to extend 
the studies to fats other than the abdominal fats. In these experiments, 
four groups of three vitamin E-deficient rats were fed 25 mg. doses of syn- 
thetic and natural a- and y-tocopherols by stomach tube. The dosages 
were dissolved in 1 ml. of fresh lard, and control animals were given 1 ml. 
of fresh lard containing no added tocopherols. After 10 days the rats 
were sacrificed and the abdominal fats removed and rendered. 0.1 gm. 
portions of each sample were weighed into a series of small glass vessels, 
10 mm. in diameter and 8 mm. deep. The vessels were then stored in an 
oven at 63°. From time to time a vessel was removed and an analysis of 
the peroxide value of the contents made. 

The fat in skin and muscle tissue was also studied. -The skin and hams 
were stored at 63° and at intervals a portion of tissue was removed and 
ground with sand in a mortar. The fat was then extracted with chloro- 
form. After the chloroform solution had been filtered, evaporated to dry- 


* The samples of pure natural tocopherols were kindly supplied by the Distillation 
Products, Inc., and the synthetic tocopherols were obtained from Merck and Com- 


pany, Inc. 
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ness on a water bath, and weighed, the peroxide value was measured in the 
same manner as in the abdominal fat.* 

A micromethod was applied in determining the peroxide values. The 
0.1 gm. samples of fat were dissolved in 2.5 ml. of 3:2 mixture of acetic 
acid and chloroform in a 50 ml. Erlenmeyer flask; 0.05 ml. of a saturated 
aqueous solution of KI was added, followed after 1 minute by 5 ml. of 
distilled water. The samples were titrated with 0.01 N sodium thiosulfate, 
with a 5 ml. micro burette graduated in divisions of 0.01 ml. The results 
by this method checked very closely with those obtained by the macro- 
method of Wheeler (9), as modified by Lea (10). 

Anwioxygenic Activities of Synthetic and Natural a- and y-Tocopherols 
upon Direct Addition and after Feeding—Fig. 2 gives the peroxide accumula- 
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Fic. 2. Peroxide accumulation in samples obtained by adding tocopherols to vita- 
min E-free fat (2 y per gm.). 


tion curves for the vitamin E-free abdominal fats to which direct addition 
of 2 y per gm. of the various samples of tocopherol had been made. It 
is notable in Fig. 2 that synthetic y-tocopherol stabilized the fat to a 
lesser extent than either the synthetic or natural a-tocopherol, unlike the 
earlier results of the oxygen absorption measurements. The differences 
at this low concentration are approximately the same in magnitude as the 
limits of experimental error of the data in Fig. 1 at tocopherol concentra- 
tions of 2 y per gm. However, it is believed that the differences are not 
due entirely to experimental error, but are partly attributable to the con- 
siderable differences in the two methods of measurement. Other instances 


* We are indebted to Dr. H. C. Black for suggestions on the preparation of tissue 


fat samples. 
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have been observed in this laboratory and elsewhere, in comparing two 
antioxidants of similar antioxygenic potencies, where the more potent 
antioxidant by one method of measurement was the less potent by the other 





method. Another possible factor that should be pointed out is that the 
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Fig. 3. Peroxide accumulation in rendered abdominal fats from rats sacrificed 10 


days after feeding a 25 mg. dose of tocopherol. 





120 


2. YSYNTHETIC 
3. Y NATURAL 

00} 4.cSYNTHETIC 
5 OXNATURAL f 


|. CONTROL | 





o 
o 














MIL.LIMOLES PEROXIDE 





























Fia. 4. Peroxide accumulation in fat in skin 


synthetic tocopherols used in this case were not the same samples as were 


used in the earlier studies. 


In Figs. 3 to5, the peroxide values of the various samples of fats from ani- 


mals that had been fed tocopherols are plotted against time. 


In none of 


these cases was there any sudden and sharp increase in the rate of peroxide 
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accumulation during the course of the oxidation as there was in the rate of 
oxygen absorption in the earlier samples that contained a-and 8-tocopherols, 
Nevertheless, the data concerning the accumulation of peroxides yield 
smooth curves, which are sufficiently accurate to make semiquantitative 
comparisons possible. The induction periods, for purpose of comparison, 
are arbitrarily defined as the length of time required for the accumulation 
of 20 ma of peroxide per kilo. These induction periods may not be com- 
pared with those previously obtained by oxygen absorption measurements, 
since the conditions used in the two types of measurements are greatly 
different. 

Since Fig. 2 contains data for only one concentration of added tocopherol, 
it is not possible to make any quantitative estimates of the amounts of 
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Fic. 5. Peroxide accumulation in fat in hams 
tocopherol represented in the curves in Figs. 3 to 5. Certain qualitative 
comparisons may be made, however. 

In the samples of vitamin E-free fats to which the tocopherols were added 
directly, and in the samples of abdominal depot fats, the natural tocopherols 
gave slightly longer induction periods than the corresponding synthetic 
tocopherols. This could be due to such possible causes as differences in the 
antioxygenic indexes of the natural and synthetic tocopherols, differences 
in their efficiency of absorption and deposition, and differences in purity. 
In any case the differences are not large, and the results indicate that 
natural and synthetic tocopherols are much alike in their antioxygenic 
activities and in the amounts deposited in the abdominal fats. In the case 


of skin and ham fats the differences between synthetic and natural toco- 
pherols are still less marked. | 
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In all cases in Figs. 3 and 5, induction periods of the fats from animals 
that had been fed a-tocopherol were greater than the induction periods 
of those animals that had been fed y-tocopherol. y-Tocopherol is appar- 
ently deposited to a considerably lesser extent than a-tocopherol in ham 
fats as well as in the abdominal fats. In skin fats, the different forms of 
tocopherol were much alike in the magnitude of their stabilizing effects. 

The natural tocopherols used in this study were more than 90 per cent 
pure; the synthetic tocopherols were somewhat less pure, but, as before, 
the conclusions drawn regarding the relative amounts of tocopherol de- 
posited are valid if one may assume that the impurities in the synthetic 
tocopherols do not exert any appreciable antioxygenic or prooxygenic 
effects. 


DISCUSSION 


It is of interest to compare the fat stability data in Column 5 of Table I 
with the relative biological potencies of the tocopherols, as reported by 
various investigators. arrer et al. (11), Mason (12), and Joffe and Harris 
(13) all report that the biopotency of 8-tocopherol is one-half or less of 
that of a-tocopherol. Assuming that the synthetic a- and 8-tocopherols 
were of the same degree of purity, the stabilizing effects of equal doses of 
the two tocopherols on the abdominal fats were roughly equal 8 and 15 
days after feeding. It should be pointed out that these amounts of toco- 
pherol are far in excess of the median fertility doses. The comparison is 
therefore based upon the assumption that the same relative stabiliz- 
ing effects will be obtained on feeding much lower doses. This assump- 
tion is supported by a comparison of the effects of 25 and 50 mg. doses in 
Table I. 

The relative biopotency of y- compared with a-tocopherol is given var- 
iously as one-third to one-fifth by Karrer et al. (11), as one-fourth by Mason 
(12), and as one-twelfth by Joffe and Harris (13). The 25 mg. dose of 
y-tocopherol is not far in excess of the median fertility dose. There appears 
to be no direct connection between the relative induction periods and any 
of the above figures for the relative biopotencies. 

The amounts of the various tocopherols deposited in the fat depots, re- 
corded in Column 6, are roughly proportional to the biopotencies, particu- 
larly to those given by Karrer et al., although the relative biopotencies ob- 
tained by Joffe and Harris, who used highly purified natural tocopherols, 
are probably the more accurate. The data for the natural tocopherols, 
in Figs. 2 to 5, are not sufficiently quantitative to make possible any esti- 
mates of the actual amounts of tocopherol deposited, but nevertheless 
permit the conclusion that the deposition of the natural tocopherols ap- 
proximately parallels the deposition of the synthetic tocopherols. It ap- 
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pears likely that there is no simple direct relationship between the bio- 
potencies of the tocopherols and their antioxygenic properties in rendered 
animal fats. The data indicate that there may be a relationship between 
the biopotencies and the amounts deposited in fatty tissues. 


SUMMARY 


The amounts of synthetic a-, 8-, and y-tocopherols deposited in abdominal 
fats have been compared by means of measurements of the autoxidative 
behavior of the rendered fats. Even when allowing for possible differences 
in the degree of purity of the samples, it was found that synthetic y-to- 
copherol was deposited in much smaller amounts than either the synthetic 
a- or 8-tocopherol, the amounts of the latter two being more nearly alike. 
As with the a-tocopherol, the 8- and y-tocopherols appeared not to reach 
their maximum depositions until 7 or more days after feeding, and possibly 
not until 15 days in the case of the 8-tocopherol. 

In the oxygen absorption measurements at 100°, samples of abdominal fat 
containing y-tocopherol showed a more gradual increase in the rate of 
oxygen uptake at the end of the induction period than did samples con- 
taining a- and 8-tocopherols. This behavior appears to be an inherent 
property of y-tocopherol, possibly being attributable to the development 
of an oxidation product which is in itself somewhat antioxygenic. 

Further comparisons were made of the deposition of synthetic and natural 
a- and y-tocopherols in abdominal, skin, and ham fats, based on studies 
of the peroxide accumulation in these fats at 63°, with a micromethod for 
the determination of peroxides. It was found that a-tocopherol was de- 
posited to a greater extent than y-tocopherol in all cases, except in the case 
of skin fat. The evidence, although not conclusive, indicates that the 
natural forms of these tocopherols were not greatly different from the syn- 
thetic, either in their antioxygenic characteristics or in the amounts de- 
posited in fatty tissues. 

The results indicate that the biopotencies of tocopherols are not directly 
related to their effects upon the autoxidation characteristics of the ren- 
dered fats in which they are deposited by feeding. The results suggest 
that a relationship may exist between the biopotencies and the relative 
amounts of tocopherols deposited in various body fats or other tissues. 
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LETTERS TO THE EDITORS 





STREPTOMYCIN B, AN ANTIBIOTICALLY ACTIVE CON- 
STITUENT OF STREPTOMYCIN CONCENTRATES 


Sirs: 


We have isolated from streptomycin concentrates the crystalline rein- 
eckate of an antibiotically active base, which in view of its close similarity 
to streptomycin, has been designated as streptomycin B. 

The application of the chromatographic method in the purification of 
streptomycin according to Carter et al.’ yields in addition to active frac- 
tions of high streptomycin content a number of less active, more firmly 
adsorbed fractions, ranging in potency from 150 to 200 units per mg. The 
presence in such fractions of a substance other than streptomycin, capable 
of forming maltol in alkaline medium, was inferred from the following 
observations: (1) These fractions on treatment with alkali yielded 2 to 3 
times the quantity of maltol expected from their biological potency. (2) 
The application to such fractions of the Craig counter-current distribution 
technique, as adapted to streptomycin in this laboratory,? afforded dis- 
tribution curves which demonstrated clearly that “streptomycin B” was 
the major maltol-forming component present. 

The isolation of streptomycin B in pure form was accomplished by frac- 
tional crystallization of the reineckates obtained from the above chromato- 
graphic fractions. This procedure effected the removal of streptomycin 
and other contaminants by two or three crystallizations, while fractional 
crystallization of the helianthate did not lead to a streptomycin-free 
product. The reineckate of streptomycin B crytallizes in large, thin plates, 
which contain water of crystallization (8.10 per cent). Its distribution 
curve’ is in good agreement with the theoretical curve for K = 0.44. The 
anhydrous substance melts at 178-179° (decomposition, corrected ) and 
shows the following analytical figures: C 26.89, 27.21, H 4.24, 4.53, N 20.1, 
§ 22.22, Cr 8.70, 9.25. Its activity in broth test against K. pnewmoniae® 
is about 100 streptomycin units per mg. The hydrochloride of strepto- 


1 Carter, H. E., Clark, R. K., Jr., Dickman, 8. R., Loo, Y. H., Skell, P. S., and 
Strong, W. A., J. Biol Chem., 160, 337 (1945). 

* Titus, E., and Fried, J., J. Biol. Chem., 168, 393 (1947). 

*Donovick, R., Hamre, D., Kavanagh, F., and Rake, G., J. Bact., 50, 623 (1945). 


391 


we re 





: 
; 





392 LETTERS TO THE EDITORS 


mycin B was obtained as a white, amorphous powder by decomposition of 
the reineckate with silver sulfate and back titration with barium chloride, 
The vacuum-dried substance decomposes at 179-182° (corrected) and 
shows the following analysis: C 35.75, H 6.22, N 10.9, Cl 12.4. It may 
be noted that while the absolute values for nitrogen and chlorine are approx- 
imately 20 per cent lower than the corresponding values for streptomycin 
trihydrochloride the atomic ratio N:Cl is close to 7:3 as in streptomycin. 
[a] = —47°, (c, 1.35 in water). The titraticn curve of the hydrochloride 
shows the presence of a weakly basic group (pKa’, 7.6; equivalent weight, 
780). Its antibiotic activity against K. pneumoniae is 190 units per mg.; 
that is, about one-fourth of the activity of streptomycin trihydrochloride. 
In preliminary measurements‘ it was found that from 4 to 8 times more 
streptomycin B than streptomycin was required to inhibit four other test 
organisms. 

Streptomycin B is inactivated by carbonyl reagents at room temperature. 
On catalytic hydrogenation it absorbs approximately 1 mole of hydrogen 
and forms dihydrostreptomycin B, which is inert to carbony] reagents and 
fails to form maltol in alkaline solution. The hydrogenation does not 
cause any loss of activity. Treatment of streptomycin B and its dihydro 
derivative with dilute acids liberates streptidine (or possibly an isomer 
thereof) isolated as the sulfate monohydrate. Analysis: calculated for 
CsHisOgNo- H2SO,- H2O, C 25.40, H 5.86, N 22.20, S 8.46; found, C 25.42, 
H_ 5.73, N 22.14, S 8.33. The presence of the maltol-forming moiety, 
streptose, and of a hexosamine moiety in streptomycin B appears probable 


from the above data. 
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THE USE OF “COUNTER-CURRENT DISTRIBUTION” FOR 
THE ANALYSIS OF STREPTOMYCIN PREPARATIONS 


Sirs: 

Examination of streptomycin preparations for homogeneity by the Craig 
technique of counter-current distribution! indicates the existence of other 
active structurally related substances. 

To prepare the two liquid phases required for distribution, p-toluenesul- 
fonie acid was made up to 5 gm. per 100 ce. in water previously saturated 
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Fie. 1, Distribution curves of, Curve A, a purified preparation of streptomycin; 
Curve B, a crude streptomycin concentrate; Curve C, streptomycin B reineckate. 
D indicates the change in optical density at 325 my of a solution heated for 10 minutes 
at pH 12. 





with butanol. This solution was shaken with an equal volume of butanol 
previously saturated with water. The partition coefficient of streptomycin 
between the resulting two layers remained at unity for concentrations rang- 
ing from 100 to over 5000 units per ce. This assures agreement between 
the experimental curves for pure preparations and those calculated from 
theory. 


1 Craig, L. C., J. Biol. Chem., 155, 519 (1944). Craig, L. C., Golumbic, C., Mighton, 
H., and Titus, E., J. Biol. Chem., 161, 321 (1945). 
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Streptomycin concentrations were measured in the lower layer by the 
spectrophotometric determination of the maltcl’ produced by a 10 minute 
heating at 100° and pH 12. After each twenty-four plate distribution with 
8 ec. layers, 80 per cent of the streptomycin was cisplaced to the lower 
phase by shaking the contents of each tube with 4 ec. of benzene. The 
concentrations in the lower lavers were then plotted as ordinates against 
tube numbers. 

Curve A of Fig. 1 illustrates the result with a purified preparation of 
streptomycin. The distribution of a cruder streptomycin (Curve B) re- 
vealed fractions occurring in Tubes 5 to 9 and 16 to 22 whose positive 
Sakaguchi reactions and maltol production indicate their relation to strep- 
tomycin. Of these, the former has been isolated,’ and the distribution of 
a sample of its reineckate plotted as Curve C. The second substance is 
under investigation. 


Divisions of Pharmacology and Organic Chemistry ELwoop Titvs 
The Squibb Institute for Medical Research Joser FrRrep 
New Brunswick 


Received for publication, January 31, 1947 





2 Schenck, J. R., and Spielman, M. A., J. Am. Chem. Soc., 67, 2276 (1945). 
* Fried, J., and Titus, E., J. Biol. Chem., 168, 391 (1947). 
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TYROSINE OXIDATION BY LIVERS FROM RATS WITH 
A SULFASUXIDINE-INDUCED PTEROYLGLUTAMIC 
ACID DEFICIENCY 


Sirs: 


Evidence that tyrosine metabolism is altered in pernicious anemia,! 
and that a pteroylglutamic acid deficiency exists in this disease,? suggested 
an investigation to determine whether pteroylglutamic acid (PGA) per se 
influenced the oxidation of tyrosine. 

PGA deficiency was produced in rats by placing them on a purified diet 
containing sulfasuxidine until leucopenia developed.* Livers from the 
PGA-deficient rats were compared to livers from normal animals as to 
their effect on tyrosine oxidation in the Warburg apparatus. Livers from 
three to five animals were pooled and homogenized in a Waring blendor 
for 20 seconds, with M/15 phosphate buffer, pH 7.5, to give a concentration 
of 0.25 gm. of wet weight per ml. The oxidation of 0.5 mg. of |-tyrosine 
by 2 ml. of the suspensions was determined over a 2 hour period. A typical 
experiment is shown in Table I. Average values of three flasks are given. 

Addition of sulfasuxidine to normal liver suspension caused only a negli- 
gible inhibition of oxygen uptake compared with that of the PGA-deficient 
liver. 

In other experiments 10 y of crystalline PGA were added to flasks con- 
taining liver suspensions from PGA-deficient rats and the effect on the 
oxidation of tyrosine was determined (Table II). 

Under these conditions all experiments showed decreased oxidation of 
tyrosine by livers from PGA-deficient rats, and a restoration of oxidation 
on addition of PGA. 

Experiments were also carried out with 24 hour-aged suspensions in which 
the level of oxygen uptake was constant. For a period of an hour the 
oxygen uptake was determined; tyrosine was then added and the oxygen 
uptake was measured over a 2 hour period. Here again, livers from PGA- 
deficient rats showed a decreased oxidation of tyrosine as compared to 
livers from normal rats in eight of eleven experimental groups. In five 
of seven experimental groups the rate of tyrosine oxidation by livers from 
PGA-deficient rats was increased by the addition of PGA. 


1 Swendseid, M. E., Burton, I. F., and Bethell, F. H., Proc. Soc. Exp. Biol. and 
Med., 52, 202 (1943). 

* Moore, C. V., Bierbaum, O., Welch, A. D., and Wright, L. D., J. Lab. and 
Clin. Med., 30, 1056 (1945). 

* Daft, F. S., and Sebrell, W. H., Pub. Health Rep., U.S. P. H. S., 68, 1942 (1943). 
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TABLE I 
Contents of flask | O, used 0 
microliters microliters : 
; Liver suspension from normal rats 189.7 
: 25 2s " - ‘* + tyrosine 279.0 89.3 
” My ‘* PGA-deficient rats 176.2 
“e “ “<éc «6 sé 
+ tyrosine (Ne eases “a 203.1 26.9 
TABLE II 
Contents of flask O, used AO, 
microlilers microliters 
f Liver suspension from PGA-deficient rats 142.7 
ae ai aI ae “ | 
| 
+ tyrosine. See Se, en ae 167.5 24.8 
; Liver suspension from PGA-deficient rats 
: dt, PC ES oh Se ka 136.9 
. Liver suspension from PGA-deficient rats 
: +PGA + tyrosine................. 182.8 45.9 
From these results it is indicated that pteroylglutamic acid influences 
tyrosine oxidation. 
: Research Laboratories GERTRUDE RopNEY 
‘ Parke, Davis and Company Marian E,. SWENDSEID 
Detroit Ann L. Swanson 
a] Received for publication, February 13, 1947 
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SYNTHESIS OF HIPPURIC ACID IN LIVER HOMOGENATE* 


Sirs: 


The synthesis of hippuric acid from benzoic acid and glycine resembles in 
several respects the synthesis of a peptide bond. A CONH group is formed, 
it is a to a carboxyl group, and the free energy of its formation is of the 
same order of magnitude. The synthesis was demonstrated in liver and 
kidney slices of a number of animals; it is inhibited by 0.001 m KCN, which 
is in accord with the view that the necessary free energy is derived from an 
oxidation.’ 

It has not been possible with tissue slices to elucidate further the energy- 
coupling reaction. The cell walls evidently retarded or blocked entry into 
the cells of possible free energy donors. Consequently we have sought 
experimental conditions which permit the reaction to proceed in tissue 
extracts in which the cells were disrupted. 

We have now obtained synthesis of hippuric acid from benzoic acid and 
glycine in homogenized guinea pig liver suspended in a phosphate-saline 
solution. To obtain more than traces of synthesis it was necessary to 
homogenize the liver in the presence of the substrate, 7.e. of benzoic acid 
and glycine. The yield of hippuric acid was nearly doubled when adenylic 
acid and a-ketoglutaric acid were added. Evidently the oxidation of the 
latter substance provided ATP? which in turn furnished the free energy for 
the synthesis. This surmise is based on experiments on the methylation 
of guanidoacetic acid by methionine, a reaction which requires ATP.* 

The reaction mixture contained in 500 ml. 10 gm. of homogenized guinea 
pig liver, 0.02 m glycine, 0.01 m benzoic acid, 0.001 m adenyliec acid, and 
0.01 m a-ketoglutaric acid in a phosphate-saline solution.4 The reaction 
was carried out under oxygen at 38°. The same results were obtained at 
pH 7.0 and 7.5. Hippuric acid was determined by isolation and identified 
by crystal form, melting point, and elementary analysis. 

Some characteristic findings appear in the table. 

Thermodynamic data give the equilibrium constant for the hydrolysis 
of hippuric acid under our experimental conditions as 211;! accordingly the 
amount of hippuric acid to be expected from 0.02 m glycine and 0.01 m 
benzoic acid by mass action alone is 0.026 mg. The isolation of 30 mg. 


*Carried out under Contract N6-ORI-102, Task Order No. 2, United States 
Navy Department. 

' Borsook, H., and Dubnoff, J. W., J. Biol. Chem., 132, 307 (1940). 

* Ochoa, S8., J. Biol. Chem., 155, 87 (1944). 

* These findings will be reported shortly. 

* Cohen, P. P., and Hayano, M., J. Biol. Chem., 166, 251 (1946). 
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Hippuric acid isolated 


— EEE — = — 





me. 
Liver alone 0 
** homogenized first and complete reaction mixture 0-3 
added subsequently 
Liver homogenized with benzoic acid and glycine 17 
. as 5 25 glycine, adenylic 0 


acid, and a-ketoglutaric acid, 0 time 
Liver homogenized with benzoic acid, glycine, adenylic 30 
acid, and a-ketoglutaric acid, 4 hrs. incubation 





indicates that the synthesis had occurred through coupling with an energy- 
yielding reaction, presumably ATP. Under our experimental conditions 
the isolation is not quantitative; at least 10 mg. are not recovered. 

Experiments on the methylation of guanidoacetic acid indicated that 
guinea pig liver homogenate provides some ATP. This probably accounts 
for the yield of 17 mg. of hippuric acid when no adenylic acid and a-keto- 
glutaric acid were added to the reaction mixture. 


William G. Kerckhoff Laboratories of the Biological Sciences Henry Borsoox 
California Institute of Technology Jacos W. DuBnorr 
Pasadena 


Received for publication, March 8, 1947 
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INHIBITION OF OXIDATION OF SUCCINIC ACID BY 
STRUCTURALLY RELATED SULFONIC ACIDS 


Sirs: 


In their original work on the inhibition of the succinoxidase system by 
structural analogues of succinic acid, Quastel and Wooldridge’ have sug- 
gested that the formation of an enzyme-inhibitor complex requires the 
presence of a —-C—-CH—COOH group “associated possibly with another 
carboxyl group.” It has been pointed out by Potter and Elvehjem? that 
y- the —CH— group is not essential since oxalic acid also possesses inhibitory 
ns properties. It has seemed of interest, therefore, to determine whether the 
carboxy! groups also can be replaced, e.g. by sulfonates, particularly since 
at these groups compete in the formation of complexes with serum albumin,? 
its as well as in certain metabolic reactions in bacterial systems.‘ 
to- Investigations have been carried out, therefore, on the inhibition of the 
succinoxidase system by 8-sulfopropionic acid, HOSS—-CH.—CH;—COOH, 
: 





and by 1,2-ethanedisulfonic acid, HOsSS—CH:—CH,—SO;H. The pro- 
cedure was essentially the same as that of Potter and Elvehjem.2;> The 
results are summarized in the table. 


Ozygen Uptake (Microliters per Hour) of Rat Liver Homogenates 


The main compartments of Warburg flasks contained 0.4 ml. of buffered rat 
liver homogenate, 0.1 ml. of m/15 phosphate buffer (pH 7.4), varying amounts of 
inhibitor (in the form of its sodium salt), and sufficient water to make 2 ml. The 
side arms contained 0.1 ml. of sodium succinate, 0.25 ml. of buffer, and 0.65 ml. of 
water. The center cups contained 0.2 ml. of 20 per cent KOH. The final concen- | 
tration of the succinate was 0.02 m. 








Inhibitor | None | 0.0033 a 0.0067 @ | 0.0133 m | 0.020 








Boevcntal 

1,2-Ethanedisulfonie acid....... | 204 | 150 140 | 95 | 73 

8-Sulfopropionic acid............ 127 106 93 | 62 40 | 

| 

| From the results obtained it is evident that these sulfonic acids produce 
pronounced inhibitions of the succinoxidase system. In fact, the inhibitory 
activity is almost as great as that of malonic acid. Apparently the sul- 
fonate ion is capable of forming an enzyme complex of aimost the same 








* Potter, V. R., and Elvehjem, C. A., J. Biol. Chem., 117, 341 (1937). 
' * Klotz, I. M., J. Am. Chem. Soc., 68, 2299 (1946). 
‘McElvain, H., Brit. J. Exp. Path., 21, 136 (1940); 22, 148 (1941). 


| 
1 Quastel, J. H., and Wooldridge, W. R., Biochem. J., 22, 689 (1928). | 
| 
’ Potter, V. R., and Elvehjem, C. A., J. Biol. Chem., 114, 495 (1936). 
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strength as that with malonate. Approximately equal affinities have been 
observed also in binding by serum albumin. 

Quantitative kinetic measurements are in progress to determine whether 
the inhibition is truly of the competitive type. 

The authors wish to express their appreciation to Professor M. §, 
Kharasch of the University of Chicago and to Professor 8. M. McElvain 
of the University of Wisconsin for furnishing the f-sulfopropionic acid 
and 1 ,2-ethanedisulfonic acid, respectively. 

This investigation was aided in part by a grant from the Office of 
Naval Research. 


Department of Chemistry I. M. Kuorz 
Northwestern University FRANK TIETZE 
Evanston 


Received for publication, February 27, 1947 
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STREPTOMYCIN. THE LINKAGE BETWEEN 
STREPTIDINE AND STREPTOBIOSAMINE 


Sirs: 

Recent investigations conducted in several different laboratories have 
shown that streptomycin is composed of a base, streptidine, linked gly- 
cosidically to a  nitrogen-containing disaccharide, streptobiosamine. 
Streptidine has been shown to be one of the eight meso forms of 1,3- 
diguanido-2 ,4,5,6-tetrahydroxycyclohexane. Streptobiosamine is com- 
posed of N-methyl-1-glucosamine and streptose. In the streptomycin 
molecule streptidine is linked to the Ist carbon atom of streptose but the 
point of attachment of streptobiosamine to streptidine (2, 4 (6), or 5) 
remains to be elucidated. 


OH(R) 
NH CH NH 
| H ZN 


NH,— C—N—CH! ’>CH—NH—C—NH; 
| 
| 


HO—CH* ‘CH—OH(R) 


N\s 


CH 


OH(R) 


Results obtained in a study of the periodate oxidation of streptidine 
and of streptomycin have furnished information on this point. Streptidine 
consumed 2 moles of periodate,” During the course of the reaction the 
positive Sakaguchi test (due to the guanidine groups in streptidine) dis- 
appeared and a positive Pauly test appeared. The latter presumably is 
due to an imidazole derivative formed by ring closure of the guanido- 
glutaraldehyde resulting from periodate oxidation of streptidine (1-guanido- 
2,3-dihydroxypropane behaved similarly). In marked contrast to these 
results, streptomycin solutions after treatment with an excess of periodate 
at pH 5 to 6 for 72 hours gave a positive Sakaguchi test and a negative 
Pauly test. , 

From tke streptomycin-periodate oxidation mixture was isolated a 
degradation product (I) which decomposes at 265°, has a rotation of +74°, 
and is extremely labile toward acids. Acid treatment of I yields 
streptidine, glyoxal, and an unidentified acid. 

It is apparent, therefore, that streptobiosamine is attached to streptidine 
in such a position as to interfere with oxidation of the streptidine ring by 
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periodate. Linkage at position 5 satisfies this condition, since it eliminates 
the 1,2-glycol grouping needed for periodate action. Position 2 can be 
eliminated as a possibility. Position 4 cannot be entirely disregarded 


since in one instance (1,2,3,4-tetraacetylinositol) a 1 ,2-glyvcol is reported 


to be resistant to periodate oxidation." 


This work is being continued, but the data already available strongly 
indicate that in the streptomycin molecule streptobiosamine is attached to 


streptidine at carbon 5. 


Division of Biochemistry 
Noyes Laboratory of Chemistry 
University of Illinois 
Urbana 
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HersBert E. Carrer 
Y. H. Loo 


P. S. SKELL 


1 Dangschat, G., and Fischer, H. O. L., Naturwissenschaften, 30, 146 (1942). 
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THE ENZYMIC SYNTHESIS OF GLUTAMINE* 


Sirs: 

An investigation of the enzymic synthesis of glutamine was undertaken 
as a step toward the study of the synthesis of peptide bonds. From the 
results of Krebs and coworkers,' it seemed likely that the coupling of 
glutamate and ammonia is achieved with energy derived from adenosine 
triphosphate, and the present work supports this view. 

Glutamine is formed rapidly from glutamate and ammonia by isotonic 
Waring blendor dispersions of fresh pigeon liver. The greatest activity 


Glutamine Synthesis in Pigeon Liver Extracts 


The enzyme was prepared by extracting 2 gm. of pigeon liver acetone powder with 
18 ml. of 0.15 m NaCl, 0.02 m NaHCOs, 0.001 mM cysteine, and dialyzing 16 hours against 
the same medium at 0°, with internal and external mixing. The samples contained 
0.03 m NaHCQOs, 0.003 m MgSO,, 0.04 m sodium /(+-)-glutamate, NH,Cl or neutralized 
NH,OH- HCI, 0.0045 m adenosine triphosphate, 0.01 m cysteine, and 0.15 ml. of ex- 
tract, in a volume of 1.0 ml. Gas 5 per cent CO,-95 per cent Nz; temperature 38°; 
time 10 minutes. Hydroxamic acid is expressed in terms of a standard prepared 
from succinic anhydride. 























With 0.01 w NH.CI wie eee 
System . : 
p norganic Hydro ‘ 
Amide formed | phosphate oil teemed 
micromoles micromoles micromoles 
Ee ee ee ae 1.91 2.46 1.41 
Without adenosine triphosphate........... 0.08 0.14 
- OEE or 0.13 0.54 0.11 
4 RR ore re 0.44 0.70 
“«  MgS0O,....... wee ey 0.42 0.50 0.14 
wa IN 3 sche preg dive cone 0.80 1.34 0.97 
| Tey nr 0.86 1.28 0.68 





was found in systems which contained, in addition to the two substrates, 
oxygen in the gas phase, cytochrome c, diphosphopyridine nucleotide, 
oxalacetate or citrate, phosphate, potassium, and magnesium. No ac- 
celeration by adenosine triphosphate was observed. 


*This work was supported by a grant from the Committee on Growth of the 
American Cancer Society, and in part by the Dr. Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. 

' Krebs, H. A., Biochem. J., 29, 1951 (1935). Orstrém, A., Orstrém, M., Krebs, 
H. A., and Eggleston, L. V., Biochem. J., 33, 995 (1939). 


403 





404 LETTERS TO THE EDITORS 


A clearer picture of the synthesis of glutamine was obtained by using 
extracts of acetone-dried pigeon liver as the source of the enzyme system, 
Glutamine is formed when glutamate, ammonia, adenosine triphosphate, 
and magnesium ions are added to such an extract. The reaction is more 
rapid under nitrogen than in air and is accelerated by the addition of 
cysteine. Liberation of inorganic phosphate from adenosine triphosphate 
occurs at a rate paralleling the rate of glutamine synthesis. Both glutamine 
formation and liberation of inorganic phosphate are inhibited by fluoride 
in low concentrations. Hydroxylamine at levels of 0.01 to 0.3 m may be 
substituted for ammonia, and the product of the reaction can be determined 
as hydroxamic acid by the method of Lipmann and Tuttle? Data from 
a typical experiment are given in the accompanying table. 

These results suggest that a reaction occurs between glutamate, ammonia 
(or hydroxylamine), and adenosine triphosphate, to form the amide, 
inorganic phosphate, and adenosine diphosphate or monophosphate. 
The enzyme system appears also to include Mg** as a cofactor and to 
involve proteins requiring sulfhydryl] groups for full activity. The system 
for glutamine synthesis is quite similar to those involved in the acetylation 
of choline’ and of sulfanilamide.‘ 


Department of Biochemistry Joun F. Speck 


University of Chicago 
Chicago 
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? Lipmann, F., and Tuttle, L. C., J. Biol. Chem., 159, 21 (1945). 

* Nachmansohn, D., and Machado, A. L., J. Neurophysiol., 6, 397 (1943). Nach- 
mansohn, D., and John, H. M., J. Biol. Chem., 158, 157 (1945). 

*Lipmann, F., J. Biol. Chem., 160, 173 (1945). 





